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ARTICLES |

PHYSICOCHEMICAL INTERACTION OF OXIDE FUEL WITH THE CLADDING
OF THE FUEL ELEMENTS OF A FAST REACTOR

V. A. Tsykanov, E. F. Davydov, - , UDC 621,039,542
. E. P. Klochkov, V. K. Shamardin, '
V. N. Golovanov, and F. N. Kryukov

A necessary condition for achieving the planned burnout of fuel in fast reactors is
maintenance of the seal of the cladding of fuel elements throughout the period of operation,
Corrosion of the cladding as a result of its physicochemical interaction with fission prod-
ucts of the fuel decreases the short- and long-term hardness and plasticity, which is taken -
into account in designing the fuel elements by increasing the thickness of the cladding [1].
To decrease or avoid corrosion damage to the cladding, it is necessary to clarify the nature
and mechanisms of corrosion, as well as the role of separate fission products in the corro-
sion processes.

In this paper, we give a classification of the forms of corrosion damage and we examine
the role of the main corrosion-active fission products (cesium, iodine, and tellurium) in
the corrosion of fuel-element cladding irradiated in BOR-60. ' :

Samples and the Procedure Used in the Investigation., We investigated the physicochemi-
cal interaction between the fuel, containing the fission products, and the cladding for fuel
elements with uranfum—plutonium oxide fuel in tablet form and OKh16N15M3B steel cladding in
an austenitic state. We irradiated the fuel elements in a BOR-60 reactor in order to study
their operational efficiency. ’ : ’

We present below the main characteristics and conditions of irradiation of the fuel
elements: '

outer .diameter and thickness of the cladding, mm - L ,‘ 6.9 x 0.4

cladding material : . Austenitic QOKh-
_ 16N15M3B steel
starting stoichiometric coefficient (O/M) . = . 1.,98-2,00
Pu/(Pu + U) o : 0.15-0.20
maximum power of the fuel elements per unit length, kW/m 53.0
" maximum temperature of the inner surface of the cladding, °K " 960
maximum burnout, % of heavy atoms 14

We studied the interaction between the fuel element and the cladding for polished
specimens, cut out of different fuel elements as well as from sections of a single fuel ele-
ment. We studied the structure of the interaction zome with the help of a remote MIM-14 op-
tical microscope, and we studied the distribution of chemical elements with an x~-ray micro-
analyzer MAR-2, equipped for operation with moderately active samples [2]. Maintenance of
the starting chemical composition and morphology of the products of interaction of the fuel
_core with the cladding in the course of preparation of the samples was considered to be of
special importance. For this, we performed the sectioning and polishing without using any
materials which either dissolved the products of interaction or which contain the same com—
ponents as the possible products of interaction. In important cases, we performed .these op-
erations beneath a film consisting of dehydrated mineral oil. In cases when the gample had
to be cooled for the cutting operation, we protected. the surface of the section with a poly-
-merized film consisting of a solution of nitrocellulose in amyl acetate.

With the help of an x-ray spectral microanalysis we investigated the redistribution of
the chemical elements 'in the main metal of the cladding, the composition and distribution of
-elements in the products of corrosion and in the fuel core. We followed the role of separ-
ate fission products of the fuel in the corrosion process by means of identification of the
corrosion products. The physicochemical processes, in which different fission products par-

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 4, pp. 195-199, April, 1984. Original
article submitted July 4, 1983. - - :
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Fig. 1. Distribution of chemical ele-"
ments in the products of matrix-corro-
sion of the jacket at a temperature of
940°K and burnup of 10% of the heavy
atoms in the fuel in the main metal

(a) and in the corrosion products (b).

ticipate, can occur in the same section of the cladding, which complicates the analysis of
corrosion-induced damage, or in different sections of the jacket, which permits studying dif-
ferent forms of corrosion independently.

Results. As metallographic investigations of the transverse sections of the fuel ele-
ments showed [3], general (matrix) and intercrystallite corrosion of the cladding occurs at
temperatures above 770°K as a result of the physicochemical interaction with the oxide fuel.
The gemeral corrosion consists of a uniform nonselective interaction of the cladding material
with the fuel core, as a result of which the thickness of the cladding decreases. The prod-
ucts of matrix corrosion are nonmetallic compounds or mixtures of nonmetallic compounds with
metallic particles, located in the gap between the fuel and the main metal of the cladding.

The x-ray spectral microanalysis established that the products of the matrix corrosion
include iron, chromium, nickel, cesium, and small quantities of iodine. At cladding tempera-
tures of 770-850°K, the elements in the corrosion products are distributed relatively uni-
formly. At cladding temperatures above 850°K, the following segregations of chemical ele-
ments were observed in the products of corrosion: chromium~cesium, iromr—chromium and in
some cases cesium-iodine. The metallic particles consisted of iron and nickel (Fig. 1).

Cesium was recorded in specimens cut out closer to the center of the active part of the
fuel elements on the surface of the fuel core together with uranium and plutonium. Tellurium
was recorded in the peripheral layer of the core together with cesium and was never observed
in the products of matrix corrosion., The redistribution of chemical elements in the main
metal of the cladding was observed at a temperature above 920°K and was characterized by a

" depletion of chromium on the inner side of the cladding (Fig. 1).

An x~ray spectral microanalysis of the samples with intercrystallite corrosion of the
cladding established that there exist two forms of intercrystallite corrosion damage with in-
trinsic characteristic distribution of chemical elements in the region of corrosion. The
distinguishing feature of the first type of intercrystallite corrosion is the presence of
cesium in the corrosion-damaged grain boundaries. In this case, the chemical composition
of the boundary regions of the grains in the material remains unchanged (Fig. 2). Such cor-
rosion of the cladding was observed in the upper part of the fuel elements after irradiation
up to burnup of more than 3% of the heavy atoms. With an increase in the duration of the ir-
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.radiation, the region df_corrosion damage spreads downward to the center of the active part
-of the elements. However, when more than 7% of the heavy atoms are burned up, corrosion
slowed down. The maximum depth of such corrosion constituted ~70 um and practically did not

- increase with burnup in the range 8-14% of the heavy atoms. ' ’

The characteristic feature of the second type of intercrystallite corrosion is the
presence of iodine on the corrosion-damaged grain boundaries and the change in the relative
content of the basic components of the steel in regions near the grain boundaries (Fig. 3).
In addition, the components of the steel cladding were present in the nearest-lying peripheral
regions of the fuel core: iron in the form of metallic inclusions and chromium, dissolved
in the fuel in the oxide state. In this case, in regions near the grain boundaries subjected
- to corrosion, the content of iron and chromium is lower and the content of nickel is higher
than in the starting steel. Cesium was present together with uranium and chromium on the
surface of the core near the zone of corrosion damage of the cladding, This form of corro-
sion in cladding made of OKh1l6N15M3B steel is encountered most often in investigations of
spent fuel elements with oxide fuel. Corrosion damage of cladding was already observed with
fuel burnup of 2% of the heavy elements, '

As the burnup increased, the corrosion damage, spreading both into the bulk and along
the imner surface of the cladding, increased. The maximum depth of such corrosion consti-
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tutes 120 um with a cladding temperature of 960°K and local fuel burnup of 107 of the heavy ‘
atoms. Aside from these two basic forms, mixed corrosion of cladding, consisting of inter-~ '
grain breakdown of the material to a depth of one or several grains in front of the leading

edge of general corrosion, was sometimes observed.

The x-ray spectral microanalysis of the samples with mixed corrosion of the cladding
revealed the presence in the products of corrosion either of tellurium or tellurium together
‘with small quantities of cesium and components of the steel. Such mixed corrosion of the
cladding was observed, as a rule, after irradiation of the fuel elements up to deep burnup
(exceeding 87 of heavy atons),

Thus the data from x~ray spectral microanalysis of spent fuel elements permitted identi-
fying four types of corrosion damage of cladding depending on the presence of chemical ele-
ments: cesium, indicating general and intercrystallite corrosion; iodine, indicating inter-
crystallite corrosion; and tellurium, indicating mixed corrosion. From the results of inves-~
tigations of spent fuel elements, we obtained the dependence of the depth of each of the four

types of corrosion on burnup (Fig. 4). 1In order to compare the data presented in Fig, 4,
the points characterize samples with fuel havingan O/M ratio of O/M = 1.98-2,00, and the tem~
perature of the inner surface of the cladding is 920-960°K.

Figure 5 shows.the temperature dependence of corrosion, obtained from results of post—
reactor investigations of fuel elements with the ratio O/M = 1.98-2.00 and local burnup of
8~10% of heavy atoms. ’

Discussion., The x-ray spectral microanalysis of spent fuel elements established that
the formation of a zone of general corrosion of the cladding is related to the effect of
cesium., Aside from cesium, the products of matrix corrosion include iodine, but this ele-
ment is present together with cesium, and this suggests that it is found in the form of the
chemical compound Csl, which is thermodynamically stable at the working temperature [4].

The chemical activity of cesium relative to the cladding is determined by the Cs~Cr—0
phase diagram [5] and depends on the temperature of the cladding, the partial pressure of
cesium, and the oxygen potential. The values of these parameters in the fuel elements of a
fast reactor with the fuel (U, Pu)O, and O/M = 1.98-2.00 permit the formation of cesium
chromates CsxCr0O,, where x = 2-5, on the inner surface of the cladding. Since the formation

210
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of the indicated chemical compounds is related to depletion of the chromium in the steel,
the -other components of the steel, primarily iron, are oxidized. The depth of the zone of
general corrosion for high-temperature sections of the fuel element is determined by the
amount of cesium intruding and, for sections situated closer to the center of the active
zone, by diffusion of chromium out of the cladding.

Under certain conditions, local sections of preferential interaction with cesium, for
example, precipitation of the carbides M3sC¢ along the grain boundaries, can arise in the
steel cladding [4]. This fact as well as the dependence of the depth of intercrystallite
corrosion in the presence of cesium on burnup (irradiation time) (see Fig. 4) and temperature
(see Fig. 5) indicate the relation of the corrosion to the precipitation of the carbides men-
tioned above on the grain boundaries. For short irradiation times, corresponding to fuel
burnup of less than 3% of the heavy atoms, the coefficient of filling of the grain boundaries
in the steel cladding by carbide precipitates of carbide is small and the interaction with
cesium has a matrix character and does not spread into the bulk along the grain boundaries.
For a burnup of 5-6% of heavy atoms, as a result of the radiation-thermal aging of the steel,
the coefficient of filling of grain boundaries by carbide precipitates reaches a maximum,
and this phenomenon explains the intercrystalline corrosion of steel in the presence of
cesium. For fuel burnup of 6-7% of heavy atoms, the coagulation of the precipitates slows
down the corrosion process, and with burnup exceeding 7% the depth of corrosion does not
increase (see Fig. 4). The relation of intercrystallite corrosion of the cladding in the
presence of cesium to the grain-boundary carbide precipitates is also confirmed by the ab-
sence of such corrosion in heat-treated steels, leading tothe coagulation of the carbides.

Another fission product of the fuel, causing intercrystallite corrosion of the .OKh1l6N-
‘15M3B steel jacket, is iodine, which forms with cesium the chemical compound CsI, Since
during fission of the fuel much more cesium forms than iodine, the latter will be found in
the form of the compound CsI, which is inert relative to the cladding which is confirmed by
extrareactor experiments in the presence of a temperature gradient [6]. However, for values
of the oxygen potential (about —400 kJ/mole and higher, depending on the temperature) created
by fuel with a ratio O/M = 1,98-2,00, cesium participates in competing reactions with the
formation of cesium chromates and uranates or uranoplutonates which are more stable than Csl
[4], which is confirmed by data from x-ray spectral microanalysis over the peripheral region
of the core and inner surface of the cladding. As a result of the action of the temperature
gradient, chemical transport reactions, which give rise to transfer of the components of the
steel into the fuel, become possible,

The rate of this transfer depends on the energy of formation and the vapor pressure of
the metal iodides. The low . energy of formation of nickel iodides [6, 7] excludes transfer
of this element, which leads to nickel enrichment of regions near the boundaries (see Fig.
3). The preferential transport of components of the steel from the grain boundaries can be
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explained by the energy state of the grain boundaries, which gives rise to their higher
chemical activity and the high rate of diffusion processes [8, 9].

The x-ray spectral microanalysis of samples with mixed corrosion of cladding showed
that this form of corrosion is related to the effect of tellurium. Extrareactor experiments
on the compatibility of the tellurium to the steel showed that intense corrosion of steel
occurred only in the presence of the liquid phase, but not in the tellurium vapor [10].
Therefore, a necessary condition for corrosion is condensation of tellurium on the inner
surface of the cladding. Tellurium in the gas phase migrates into the peripheral region of |
the fuel core, where the compounds Cs,Te or UOTe form. In this case, the equilibrium pres-
sure of tellurium in the gas phase is not sufficient for it to condense on the surface of
the cladding. An increase in the temperature of the fuel core can increase the equilibrium
pressure to a magnitude that makes it possible for tellurium to condense on the cladding.

Conclusions. The investigations of fuel elements with mixed oxide fuel, used in BOR-60,
revealed four types of corrosion damage to OKhl6N15M3B steel cladding due to the action of
fission products. It was shown that the general corrosion develops as a result of the inter-
action of the cladding with cesium with an oxygen potential created by the mixed oxide fuel.
Precipitation of carbides, formed as a result of radiation-thermal aging of the steel, on
grain boundaries leads to intercrystallite corrosion of the cladding in the presence of
cesium, When mixed oxide fuel with the starting ratio 0/M = 1.98-2.00 is used in the fuel
elements, iodide transport of the components of the steel, giving rise to intercrystallite
corrosion of the cladding, occurs. It was demonstrated that chemical activity relative to
the stainless steel, leading to corrosion damage to the cladding, is high.
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_08Kh14MF STEEL USED IN NUCLEAR POWER

 A. K. Mednikov, P. G. Krutikov, : UDC 669,.14.8
V. M. Sedov, V. P. Borisov, : ‘
‘Le I. Loshkova, and A. S. Zlobin

Stainless steels have to be used as constructional materials in order to provide high
reliability in nuclear power systems (NPS), partly on account of the increasing power levels.
Chrome—nickel austenitic steels types 08Kh18N10T, Kh18N9, Kh18N12T, etc. are widely used in
NPS, where they are exposed to various corrosive media, high—inten81ty ionizing~radiation
fields, high pressures, and thermal stresses for long periods. Research, production experi-
ence, and the use of NPS have shown that austenitic steels alloyed with nickel have the fol-
lowing disadvantage5°

1) an elevated tendency to work hardening during manufacture and use;

2) a tendency to corrosion cracking in media containing chlorides, which reduces the
working reliability;v

3) poor values for technological parameters such as the yield point, fatigue strength,
- and thermal conductivity, along with a high coefficient of linear expansion; and

4) the formation of cobalt radionuclides by activation from corrosion products.

The choice of constructional materials for NPS has not been finally resolved. At
present there are three main ways of improving the working characteristics [1-3]: firstly,
-improved preparation of nickel-bearing steels in order to reduce the concentrations of car-
bon, nitrogen, and oxygen to 0.01-0.03 mass %, which should eliminate the tendencies to in-—
tercrystallite corrosion and embrittlement; secondly, the production of corrosion-resistant
titanium alloys of elevated resistance to various media; and thirdly, by the use of nickel-
free stainless chromium steels or steels with low nickel contents. Experience has shown that
such steels retain many of the advantages of pearlitic ones (ease of mechanical working, small
linear expansion coefficient, and satisfactory thermal conductivity) while having elevated
resistance to chloride corrosion cracking, pitting, slot corrosion, and also intercrystallite
corrosion at sufficiently low carbon contents., While the strengths of the steels are high,
they have the necessary plasticity and properties stable under prolonged ageing, and they do
not contain scarce nickel, which at the same time tends to improve the radiation environment.
Chromium alloy-steels containing 9-15% chromium belong to the martensite and martensite—fer-
rite classes [4]. After heat treatment, these steels contain martensite, structurally free
ferrite, and carbides.

The Production Cooperative at the Central Heavy Engineering Research Institute has de-
veloped a nickel-free chromium steel 08Khl4MF, %hich has been used in SPP-500-1M and SPP-750
steam superheater separators, RBMK-1000 and REBMK-1500 reactors, and AES and AST heat exchang-
ers. This steel belongs to the martensite—ferrite class: it retains the above advantages

-of chromium stainless steels, and its working properties are better, particularly during cold
deformation, and thence do not require heat treatment, while the material shows no tendency
to work hardening, which is important in the rolling of tube panels. O8Khl4MF steel has good
mechanical characteristics over a wide temperature range (Table 1).

The steel has good corrosion resistance in aqueous media at fairly high temperatures
(Table 2). Visual examination of specimens after corrosion tests and removal of the corro-
sion products has shown that 08Khl4MF steel does not show any tendency to pitting or other
forms of corrosion.

Measurements have also been made on the behavior in solutions of the acids used in
-power engineering for flushing equipment (Table 3). The corrosion resistance in acids is
satisfactory. Sulfuric and hydrochloric acids are the most corrosive in relation to chromium
steel. The corrosion tests confirm electromechanical studies. Figure 1 shows that the

Translated from Atomnaya Energiya, Vol, 56, No. 4, pp. 199-202, April, 1984, Original
article submitted August 1, 1983,
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TABLE 1. Guaranteed Level of Mechanical Properties in Férgings, Billets, Hot~Formed
and Cold-Formed Tubes and Hot-Formed and Cold-Formed Sheets Made of O8Khl4MF Steel

at 20-500°C
Charac- . Temp., ‘C
. Item :
teristic -
- 20 100 150 200 250 300 350 400 | so00
ou, Forgings, billets, hot- 550 530 520 510 500 500 500 460 380
Mpa formed tubes '
Cold-formed tubes 450 440 430 420 410 400 400 360 300
and sheets .
Gy.0, |Forgings, billets, hot- 350 340 330 320 310 300 300 280 240
Mpa formed tubes , :
Cold-formed tubes 250 250 240 230 220 200 200 180 160
and sheefts .
8, % Forgings, billets, hot- 20 {20 20 19 19 18 18 18 20
. formed tubes :
Cold-formed tubes 22 22 21 20 20 18 18 18 22
and sheets : :
P, % [Forgings, billets, hot- 60 60 60 58 58 55 55 54 65
formed tubes :
Cold-formed tubes 60 60 60 58 58 55 55 54 65
and sheets ' | -

TABLE 2. Corrosion Rate for 08Kh1l4MF .
Steel at 350°C, g/m”-day

Test Test time, h

Medium - conditions

250 500|1000 2000

Borated water con- In solution [0,159|0,149(0,096(0,062
taining 10 g/kg of
H’BOS +0.02 4 kg
of KOH at pH 8.25,

O, content 1 mg/kg Insaturated [0,326/0,312(0,216[0,120

vapor
‘Double -distilled Insolution| — 10,288(0,197]0,132
water, O, content | Insaturated — [0,316/0,2640,174
1 mg/kg vapor
: zone

largest currents (over 10”2 A/cm®) occur in HCl, and the least in HNOs. The steel after
activation is rapidly passivated in pure water (Fig. 2). The steel becomes completely pas-
sive after 500 h, and the currents at potentials from O to 0.7 V are not more than 10 ¢ A/em®.
Laboratory studies have confirmed tests on specimens made under working conditions in nuclear
power stations. This means that O8Khl4MF steel can be recommended for steam superheater
separators for nuclear power stations containing RBMK-1000 and RBMK-1500 reactors.

A major line in the use of nuclear fuel is the production of low~grade heat from NPS,
Tests were therefore made on heat exchangers in which the tube bundles were made of steels
08Khl4MF and St. 20 (Table 4). Under the test conditions, which were close to the working
conditions in the AST~500 project, O8Khl4MF steel had high corrosion resistance and showed
no local forms of corrosion. In the same tests it was found that the amounts of corrosion
products on St. 20 were greater than those on 08Kh14MF by more than a factor four, where the
deposits on the latter tubes consisted mainly of lepidocrocite (y-FeOOH), which is particu-
larly readily removed in chemical washing.

~ At temperatures up to 100°C, it is desirable to use O8Khl4MF steel for facing struc—
tures. Under these conditions, its corrosion resistance is virtually equal to that of nickel
stainless steels. At existing nuclear power stations, there are many large vessels made of
scarce nickel-bearing steels (cooling and storage pools for fuel elements, emergency tanks,
etc.). Theuse of 08Khl4MF steel, for example, for facing a single fuel-rod cooling and
storage pond saves about 15-20 tons of Kh18N1OT stainless steel.
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- TABLE 3, Corrosion Rates of 08Kh14MF
Steel in Acid Solutions at 20°C Over 24

h-
Concn. JCorrosion; Corrosio
Acid N ‘rafe. 241 || Acid Conea., rate, D#
\ g/m**h - IN g/mz'h
HNO, 0,04 | 0,005 | 11,80, 0,01 0,55
0,1 0,067 ’ 0,1 6,79
1,0 0,27 1,0 15,5
HCl 0,04 0, 017 H,C,0, 0,04 0,003
. 0,1 2,81 ) 0,1 0,004
1,0 2,02 1,0 0,007

(ﬂw$V~_f~u_ =
92 .

g
02
a4
g6
a6
7,0
.72
74
e
1,8
: 20 1 1 1 L 1
T -5 -4 -3 (g ia, Afcm?
Fig, 1. Anodic polarization
curves for 08Khl4MF steel in .
mineral acids: 1 N HC1 (1); 1
N H2S0, (2) and 1 N HNOs (3) at
20°c.,

" Tests have been performed under laboratory conditions on the corrosion resistance of
steel in aqueous solutions similar in composition to the water in cooling and storage ponds
for assemblies from power stations containing RBMK reactors [5, 6] at 20 + 2 and 35 + 5°C.
The studies were made not only with specimens completely immersed in the solution but also
with ones at the water—air interface. The areas of the specimens were 4~8 cm?®, solution
volume 0.9 liter. During the tests lasting 4400 h in aqueous solutiomns containing 0-1 mg/
liter of hydrogen peroxide and up to 10 mg/liter of chloride, the completely immersed speci-
mens showed virtually no erosion. The mass change did not exceed the error of measurement
(0.0002 g), while the corrosion rates were less than 0.0012 mg/m*<day. The corrosion rate
rises to 0.002 g/m*.day when the chloride concentration is raised to 100 mg/liter. The sur-
faces after the corrosion tests were still lustrous and no superficial corrosion damage could
be seen.

The specimens at the interface also showed no corrosion at chloride contents up to 10
mg/liter. When the concentration was raised to 50 mg/liter, some slight point corrosion oc-
curred at the water line. -On existing standards, the chloride concentrations in cooling and
storage ponds for assemblies from nuclear power stations containing RBMK reactors [7] should
not exceed 100 ug/liter. OBKh14MF steelshave highcorrosion resistanceunder these conditions,
and this is confirmed by tests on specimens in the cooling pond for the first block at Lenin~-
grad nuclear power station. Specimens of size 40 x 40 X 1 mm were used. The test time was
4680 h, ' :

After the corrosion tests (Table 5), the appearance of the specimens was virtually un-
altered, and there were no corrosion deposits. Specimens that had been in contact with
08Kh18N10T austenitic stainless steel (mounted on rods of this steel without insulation by
PTFE film) corroded at rates 3-4 times less than with insulated specimens. Evidently, the
chromium steel in a 08Kh14MF—O8Khl8N10T galvanic -pair has the more positive potential and
the austenitic steel acts as anode.
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-TABLE 4.
Test (5000 h)*

Test Results on Tube-Bundle Models for Heat Exchangers after Industrial

Characteristics

Model 1

‘Model 2

tube space

intertube space

" tube space

intertube space

Water quahty and

temp.

Corrosion charac-

ter and corro-

sion rate, mm/yr

Depositedon tubes

g/m?

Deposit thickness

on tubes, mm

Deposlt composi-

tion

Aerated purified water,

% FegOy

TABLE 5.

Deaerated purified
water,

=30"C T =90°C .

St 08Kh14MF , uniform, | St. 08Kh14MF, uniform,
0, ()002 0,003.
St. 20, pittmg. " [st. 20, plttmg,
0,2—-0.3 10,4—-0,2
St.08KR14MF — 260 St.08Kh14MF — 75
Ste 20--1000 St. 20—250
St,08Kh14MF — 0.36 | St,08Kh14MF — 0,05
St.20—1-—2 St. 20—0,4
St. 08Kh14MF: St.08Kh14MF:
100% y-FeOOH 90% v-FeOOH,
' 10% Fe,,O,

St. 20 St ., 20:
N% y-FeOOH 80% v-FeOOH

20% Fe;0,

Aerated purified water,
=170°C

- 8t, 08Kh14MF, uniform,

St, 20, p1ttmg.

0, 5—0 8
St.08Kh14MF — 80
St. 20 —760

5t,08Kh14MF — 0,10
St, 20—0,1—0,2

St.08Kh14MF:
100% y-FeQOH

St. 20:
40% v-FeOOH.
10% Fe,04

*Results obtained by V. A. Shishkunov and A, A, Afanas'ev.

Corrosion Rates of Reference

Specimens Made of 08Khl4MF Steel in the
Cooling Pond at Leningrad Nuclear Power

Station
Trear ¢ Position Corrosion rate,
reatmen in pond g/m?.day
Mechanfcally Vertical 0,0019+0,0004
cleaned Horizontal 0,0016+-0,0004
As supplied Vertical 0,0021-4-0,0004
Horizontal 0.00461-0,0004
As supplied xg I\_/Iertical . 0,0004£0,0003
contact wit orizonta. -
08Kh14MF steel 0,0006::0,0003

B AV

(she)
a2
04 Fo
a6
ﬂ.l
10
12

7,4

)

Fig. 2.

~+ i, Ajom®

Anodic polarization curves for

08Kh14MF steel in borate buffer. after
etching in 1 N H,S0, for 24 h (1) and
maintenance in distilled water at 20°C
for 24 h (2), 50 (3), 120 (4), and 500 h

5).
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Circuit water,

T =110°C
St. 08Kh14MF, unif(<))3rm,

SOt. 20, pitt'ing, ’

—0,5
St.08Kh14MF — 40
St. 20— 1300

5t,08Kh14MF — 0,03
St .20—0,8

St. 08Kh14MF:
100% y-FeOOH

St.. 20:
10% y-FeOOH,
0% Feg0,
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The behavior of welded joints in 08Kh14MF steel was examined with specimens having two.
welds each. In one batch, automatic argon-arc welding was used with £P-955 and 07Kh25N13
rods, while in the other manual arc welding was used with electrodes based on these wires.
The surfaces of the welds on removal from the cooling ponds showed thin friable films of
lepidocrocite, which was readily removed with moist filter paper. There was no local corro-
sion damage at the weld itself and near it. The overall corrosion rate in the first batch
was 0.0027 * 0.0002 g/m®.day, while in the second it was 0.121 * 0.0002 g/m®.day.

Therefore, these tests showed that 08Khl4MF steel can be recommended for general use as
a basic constructional material for heat-exchanger equipment in nuclear power stations, com—
bined heat and power stations, and heat sources working at temperatures from 70 to 350°C.
The good corrosion resistance up to 100°C in aqueous media from various NPS units indicates
that 08Khl4MF steel should be used as a facing material instead of nickel~bearing austenitic
steels.,
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- ANALYSIS OF THE LEAKAGE OF STEAM-WATER FLOW
WITH RUPTURE OF THE HEAT~CARRIER CIRCULATION
LOOP OF NUCLEAR REACTORS

Yu. V. Mironov and T. 1. Fomicheva ' UDC 621.039.586

In analyzing the safety of nuclear power plants, the sequence of hypothetical emergency
situations associated with rupture of pipelines in the heat-carrier circulation loop is in-
vestigated. One of the main aspects of this research is the investigation of the thermohy-
draulic characteristics of heat-~carrier motion in a damaged loop and the determination of the
heat-carrier flow rate at the point of rupture.

For a channel reactor of RBMK type, analysis of a hypothetical emergency with heat-car-
rier loss in the rupture of a section with the technological channel has a series of dis-
tinctive features. Tirst, emergencies in one channel do not lead to deep dynamic changes in
the thermohydraulics of the reactor. In view of this, the boundary conditions at the ends
of the emergency section remain approximately constant in the early stages of the emergency.
This means that the situation may be investigated in a quasisteady approximation.  Second,
the section of the loop considered, including the techmological channel, is a system of suf-

"ficiently long pipelines. With complete transverse rupture of the channel, critical condi-
tions of leakage of the steamwater flow significantly limit the heat-carrier loss. However,
local conditions determining the critical flow rate cannot be analyzed without complete cal-
culation of the hydraulics of the whole of the considered section of the system, since the
hydraulic pressure losses in this case are comparable with the losses on expansion in the
vicinity of the eritical cross section. At the same time, the dependence of the thermophysi-
cal properties of the two-phase medium on the local pressure over the length of the channel
and the energy losses in expansion of the flow must be taken into account in detail.

The system of basic balance equations for some one?dimensional model of two-phase flow
may be written in the following general form: '

Translated from Atomnaya Energiya, Vol. 56, No. 4, pp. 202-205, April, 1984. Original
article submitted August 25, 1983. - o .
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: ' x= 0,01 < X=0,05
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Fig. 1. Boundaries of correct formu-
lation of the thermohydraulic problem
for an equilibrium model of a two-
phase flow with a specified slip co-
efficient of the phases at a pressure
of 5 MPa: the continuous curve shows
the boundary of the region of correct-
ness (the shading is on the side of
the region of correctness); 1) sub-
sonic flow; 2) supersonic flow; Sis the
slip coefficient, equal to the velocity
ratio of the steam and liquid phase
(the dashed line corresponds to S = 1),

du Ju
A tBg =t - | @

where t is the time; z is the coordinate over the channel 1éngth; u 1is the vector of unknowns
determining the flow; A and B are matrices with coefficients that are independent of the de-
rivatives of the components of vector u; [ 1is the vector of the right-hand side.

As is known, mathematically correct formulation of the problem in Eq. (1), with a speci-
fied initial state of the flow in the channel, requires the existence, in the given set of
equations, of a complete set of real characteristics, the number of which is equal to the or-
der of the system in Eq. (1). The slope of these characteristics g

' A =dz/dt . (2
on the (z, t) plane is determined at each point from the solution of the following eigenvalue
problem:
| det (A — B) =0. | (3

The slope of the characteristics in Eq. (2) essentially determines the local velocity
of propagation of signals (small perturbations) in the flow. In connection with this, the
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Fig. 2. Calculation by the

KRITIKA~3 program of a hypo-
thetical emergency situation
associated with rupture of

the technological channel:

a) diagram of the channel:

C, separator drum; SWC,
steamwater communication;

BP, biological protection;

TC, technological channel;

AZ, active zone; WC, water
communication; SRV, shut-off

and regulating valve; DC, dis-
tributing collector; b) pres—

sure distribution and velocity

of steamwater flow over the

length of the external part

of the emergency channel.

appearance of critical conditions of leakage, i.e., shutting-off of the flow when the ex~
ternal conditions at the output cease to affect the flow inside the channel, may ber inter-
preted as a situation in which the flow velocity in the output cross section of the channel
becomes equal to the maximum velocity of upstream propagation of the perturbations [1l]}. If
a similar situation arises for the given model of two-phase flow, all the eigenvalues of Eq.
* (3) become nonnegative in the cross section at the output from the channel and, for at least
one of them, the ‘following rigorous equality holds

Ay=0. | ' o 4)

It follows from Eq. (4) that, in the critical cross section, the following condition
holds ' ‘

det (B) =0. : (5)

For the steady variant of the system in Eq. (1), satisfaction of the condition in Eq.
(5) entails that the flow in the given cross section reaches a critical velocity. Thus, de-
termining the maximum steady flow rate through a long channel may be reduced to a nonlinear
boundary problem of specific form, when the condition in Eq. (5) is specified at the output
from the channel. The condition in Eq. (5) was used in precisely this form in [2] for a

thermodynamically equilibrium flow with slip, and in [3, 4] for more complex models of non-
gqgilibrium two-phase flow.

For long channels as shown by a comparison of calculations and experiment in (2, 31,
the assumption of thermodynamic phase equilibrium allows the critical flow rate to be pre-
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dicted sufficiently accurately.  This is possible in the case where the heating of the water
at the input is not too large, so that the balance steam content of the flow in the vicinity
of the critical cross section is more than 2-4%. The idea of the channel length in this
case is equivalent to the relaxation time of the thermodynamic processes in the two-phase
medium. In experiments on small-diameter tubes (up to 10-20 mm), channels of length equal
to more than 10-15 diameters may be regarded as sufficiently long. On passing to elements
of a real heat-carrier circulation loop of a nuclear reactor, where the tube diameters are
considerably larger, this threshold may evidently be reduced considerably. However, for
components of small length, even in equilibrium flow, spatial effects play a pronounced role

(51.

For a very low steam content in the critical cross section (for a volume steam content
of less than n0.1), the equilibrium model gives values that are too low in comparison with
the experimental results, with reasonable extrapolation of the experimental data on slip to
the region of high mass velocity. In [6, 7], an attempt was made to compensate this dis-
crepancy by means of fairly comsiderable slip coefficients of the phases in the critical
cross section, On this basis, it proved possible to somewhat broaden the range of appli-
cability of the equilibrium model in the region of low steam content. However, serious theo-
retical complications arise here. In Fig. 1, the boundaries of the correct formulation of
the problem for the model of equilibrium two-phase flow with slip of the phases are shown.
Beyond the boundaries of these regions, the eigenvalue problem in Eq. (3) has two complex-
value roots, and the initial problem for Eq. (1) develops Hadamar instability. For a low
steam content, with increase in mass velocity, this boundary approaches a slip of unity,
whereas the slip coefficient corresponding to the given example for the dependence proposed
in [7] is 3.12. For a steam content larger than 2-4%, the constraints on the slip coefficient
are considerably weakened. But in this range, there is no practical necessity to correct
the equilibrium model (at least for steady leaks from long pipelines),

Real progress in explaining these effects is achieved on dropping the hypothesis of
thermodynamic phase equilibrium in the initial stages of boiling of the water flow. The
hypothesis of metastable heating of the 1liquid phase, in combination with the semiempirical
model of heterogeneous boiling of the water in [3], allows the experimental data on the
leakage of hot water through an element of length greater than 3-4 diameters to be described -
with completely acceptable accuracy. The results of (8, 9], taking account of the existence
of limiting metastable states of the liquid phase, led to the development of a physically
well-founded model of critical flow conditions of a two-phase medium with a very low steam
content, including the case of short nozzles and attachments. ’

For the present problem of analyzing the leakage of heat carrier with complete rupture
of the pipeline from a section of the technological channel, the range of conditions in which
metastability of the phases must be taken into account is extremely narrow (2-47 with respect
to balanced steam content). For conditions in this range, considerable heating of the water
before boiling at the entrance to the emergency channel is assumed; this is only character-
istic of certain periods of shut-down cooling of the reactor. Thus, in most of the cases
which are of practical interest, it is expedient to use the assumption of thermodymamic
equilibrium of the two-phase flow. On this basis, the method proposed in [2] was realized
in the KRITIKA-3 working program, written in Algol for a BESM-6 computer. This program is
characterized by the following features:

it is intended for the caleculation of part of the heat-carrier circulation loop composed
of an arbitrary number of sections of different cross section, separated by point resistances
calculated from the usual hydraulic relations;

at the input to the given channel, the pressure and heat content of the flow are speci-
fied;

at the output, the local pressure p satisfies the condition ‘
PZ=Pa (6)

(pa is the pressure of the surrounding medium), which, in combination with Eq. (5), allows
the flow rate through the given channel to be determined in both purely hydraulic and criti-~
cal conditions of leakage, by means of the selection method;

the thermodynamic properties of the water and steam at the saturation line and the
heating of the water are specified in tabular form;
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provision is made fer the calculation ef a section with a cross section that varies over
the length (tapering nozzle), the parameters of which are specified in tabular form;

there is a special version of the program intended for the analy51s of pipeline emer-
gencies with superheated steam;

in the algorithm, provision is made for thepossibility of shutting-off of the flow in
some internal section of the channel, the condition in Eq. (5) being satisfied at the end of
this section; the distribution of thermohydraulic flow parameters in the remainder of the
channel is then calculated. The latter phenomenon may occur at a sudden expansion in Ccross
section within the section being considered.

In terms of reaching critical conditions in the cross section preceding sudden expansion,
the flow rate through the channel becomes that known from Eq. (5). The conditions at the
output from the channel retain their previous form — Eqs. (5) and (6); at the input, i.e.,
at the internal critical cross section, only the stagnation enthalpy of the flow and the flow
rate are regarded as specified, whereas the pressure is a variable parameter for the satis-
faction of all the boundary conditions. Note that the program algorithm offers the possi-
bility of calculating a system with an arbitrary number of internal discontinuities.

An example of how the KRITIKA-3 program may be used in analyzing hypothetical emergency
situations associated with technological-channel rupture for a channel reactor of RBML type
is shown in Fig. 2. These results correspond to the leakage of boiling water from a separator
drum through the external branch of the emergency channel and the empty channel tube. In
‘this situation, the critical cross section determining the heat-carrier flow rate from the
- separator drum is the sudden expansion in channel cross section on entering the empty ‘techno-
logical channel, where there is an internal pressure discontinuity.  The second discontinuity
at the orifice of the broken technological channel corresponds to sonic emission of the two-
-phase flow into the surrounding medium.

_Note, in conclusion, that the KRITIKA-3 program allows multivariant calculations of
.various emergency situations to be performed, with acceptable machine-time requirements, for
nuclear reactors of chanmel type, providing the necessary information for the analysis of
the consequences of such emergencies.
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DYNAMIC MODEL OF A MIXTURE OF NONEQUILIBRIUM
STEAM—VWATER FLOW, UNCONDENSED GAS, AND BORIC ACID

N. I. Kolev ' UDC 621.039.534.2

It is known that the heat carrier (water) of PWR and BWR reactors includes a known
quantity of dissolved uncondensed gas (the true volume gas content is approximately 0.001-~
0.005 [1]) and also the solid phase, boric acid. In determining the critical density of the -
mass flow of heated heat carrier and the impact load on the equipment with desealing of the
loop, the presence of gases dissolved in the liquid in the initial state is of great impor-
tance. Therefore, in modeling the transient and emergency conditions in the primary loop of
atomic power plants and atomic heating stations, it must be taken into account that the heat-
carrier components are flows of water (liquid or liquid and vapor or vapor), air, and boric
acid. Taking account of the amount of uncondensed gas and boric-acid solid phase complicates
the dynamic model, '

In view of the complexity of realization of the model of such fluxes in program form
it is important to develop a simple model with a minimum of simplifying assumptions. 1In the .
model of nonequilibrium flow realized in the RELAP-5 program [2], account is taken of the un-
condensed gas and boric acid. However, it is assumed in the model that one of the phases 1is
at the saturation line, and precisely which one, and the value of the true volume vapor con-
tent is determined. In the model, there is no agreement between the local conditions of ap-
pearance of critical flow conditions of three-phase flow and the assumptions made. There are
works in which the presence of uncondensed gas is taken into account in the model of a homo-
geneous equilibrium flow [3], a homogeneous nonequilibrium flow [4], and an inhomogeneous
equilibrium flow [5]. 1In these works, corresponding local conditions of the appearance of
critical heat-carrier flow are formulated. ’ : ' :

The aim of the present work is to construct a mathematical model of the dynamics of
inhomogeneous nonequilibrium heat-carrier flow, in which the gaseous phases may be in an ar-
bitrary stable or metastable state, while the solid phase is in thermodynamic and mechanical
equilibrium with the liquid phase, and the local conditions for the appearance of critical
heat-carrier flow are determined in accordance with the above assumptions.,

Mathematical Model

In constructing the mathematical model of heat-carrier flow, the following assumptions
are employed: : ' B

1) the liquid and gas phases are in an arbitrary stable or metastable state;
2) there is thermal equilibrium between the liquid and boric acid;

3) the uncondensed gas has the properties of an ideal gas;

4) for the water-vapdr—ideal—gas mixture, Dalton's law holds;

~ 5) the gas phase, if it exists, consists of water vapor or of water vapor and uncondensed
gas; ‘ . . .

6) the pressure of the liquid and gas phases is the same;
7) the velocity of the liquid and solid phases is the gsame;

8) the inequality of the gaseous and liquid velocities is taken. into account using the
empirical slip coefficient S = Wg/WF, which is determined as a function of the local values
of the dependent variables. :

The following notation and relations are introduced, permitting considerable simplifi-
cation of the description of the model: . a

Institute of Nuclear Research and Nuclear Power, Bulgarian Academy.of Sciences, Sofia.
Translated from Atomnaya Energiya, Vol. 56, No. 4, pp. 205-209, April, 1984, Original arti-
cle submitted July 13, 1983, ’
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P PL+PDs S ' ' ' 6))

== 0L+ O . : . (2)
v,_ 1/pg . : ' ’ . (3)
pr= p;-l— — 0B} o )
?5 -— 1/pp, ‘ . . (5)
p==ap+(1—a) py; ' (6)
G =apwy 4 (1 —a) ppoy; &)
S = wylwy; » . (8)
2 mylm; o | (9)
bs=a0;4+S(1—x)v,; : : (10)
ey e - av
g = TkB/I;L, ' (12)
z, = ,ﬁ‘% b (2#0; 0L < a); ' (13)
- Typedsy =prdhy -+ ppdhy,— dp; S e
Typpdsp = 1?01 sk + 5 — 5 bedhg—dp; , ' @s)
o=y ,/v g ' '
. s/ Vs , . (16)
— = S(i—z)v, vs; v T a7)
Wy == Gug; o ) (18)
1, ' v
w, :;? (IUS; . ' (19)
ap, =z /vg; » o (20)
KXgpg = S.Z'B/US; . . (21)
PL==PpT1; - | (22)
v,=[1+w(‘l——w) ('S:S';l)‘ ]/p; . _ (23)
s;.—_‘{q_”g' +plhex—hp+ Aw, (u}—wy)l}/'l'g; (24)
St = {gF — B lhox—l; -1 Awy (w0 — w)I}T; (25)
vs = 1S —2(S—N)lip | (26)
S — const. ’ i ) (27)

The equations of mass, momentum, and energy conservation for each phase and component
separately are taken as the starting point:

!)T (apl A)'I" Iz ((7[), N :r‘) = 0 (28)
W(O&pl;A) +(—;z— (ap,o,A) - nA; (29) »
= (a,p, )+ o (a,p,w A ' (30)
= (“BPBA) i~ och;;w, A) = _ _ . (31)
(ap,w,,A) +——— (epLwiA) +ad 2Lk ap, L= . . (32)
r71: (apn""l4) *‘ (“Pn"’n-/]) +o = H")oxA§ : g ..(33)'
- _(a!plll)fA) -—(a/p[lUfA) +afA—+ a,p,gA COS(p+———_— _“iprA; . . . (34)
= (anpnw,A)+——(aanw,A) ‘HZBA +anps =0; . | (35)
2 aps (u_L-z—) 4+ [opuawy (he +22) A] +aprg4gcosq>+_£_b =A_L; - (36)
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g_‘—[aPD(UD'*‘—';—z-) A]+j—z[apowg(hn+%§)4]. ~ %+u(he,+ ,,,25: V4 (37)
%[a!p!(u'+f;) Az Lo ( h’+ ) J+°‘IPI”’ng°°scp+ Bf w;__(’L—u( ex+""") 4; (38)
ra [aBpB(uB_*'%?) J+ Fr [aBPBwl(hB+ )A] +aanu ,Agoosq)_{- "B wy = (Z_I:. - (39)

The equations of momentum and energy conservation are differentiated so as to obtain the
left-hand side of the mass-conservation equation. The corresponding right-hand side of the
mass-conservation equation is replaced to give

o (225022 ) £ 2 gm0 o
'apn(%";ierg%zi)—wﬂ‘l +apugcos¢+fao=u(we,—wg); EENCEOR
s (G + w0y G} oty S+ gy €08 @+ fry = — B (Weu— )); 42)

aupu( +w,2L) t a2 +anpng ¢05 @ + frp == (43)

h ow owg ‘ *0i.
oL (_‘} Ye o n - )+apr ( +"’A’ o2 ) "a_at'(aPL)+wg(aPLg°03‘P'rfnL)=9L,

‘ (44)
dh ol ow ow . d . . 2 3 {
app (—0—TQ-+ (,lzD .)+°‘in'( arg +wg—azg) -7,'{(O‘PD)'ng(aPngCOSlP—I'fRD) =flu+ll( e:"f‘zz_—hn—'-i:i); :
| 45)
oh F) ) .., o
%0y ( el +"’f + apsw; ’ +w, 24 wf (“fP)+wf (P8 cos @+ frp) = g — pt { hyu+ 2= _p, "1 .
‘ 2 T2
| (46) .
A  ohg\ ' a 9 R '
auspp (2 + w2 ) + ooy St wy ,,"f ) — == (aBp) + wy (apppg c0s ¢ + fre) = gii - (47)

By algebraic manipulations, on the basis of the .above notation and relations but without
taking account of the components of the entropy change—p (30/32)/Tg, +p(3a/3z)/Tf, a system
of equations with one time derivative in each is obtained: .

2 j 2 (GA)=0; 48)
frotpeng e ooty i e
T - Gg ”a’; =~z 25t vs (k=G T+ (-5 2 (@4)]; - ©0
g Gus TR =z Tl o[ G%——x 12 (GA)] | 1)
L 26 e — 8L )22z, 62
—ii:"i‘GUs Z —sgba/z, z50; (53)
Ser 1 L Gog ZE— stog/[S (1—2)), (1—2) 0. | (54)
Numerical Integration of the System of Differential Equations
The auxiliary dependent-variable vector is taken in the form .
U= (G, ‘p‘, Z, Ty, o, S, 'sp). _ (55)

Consider a heat-carrier circulation loop of length L, divided into J — 1 sections over the
length. The subscript j denotes the spatial position and the superscript n the time posi-
tion. The equation of momentum conservation — Eq. (52) — may be integrated using an explicit.
or semiexplicit scheme if (p, vI, 2, G)j’ p1 o+l p?""are known. As a result, G§l+‘(j =1, §)
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TABLE 1. Partial Derivatives of the Air Pressure and Gas Density
Y OY/T) p %, (oY/ap)Tg, X (OY(”;L) » T,
9D+ Tg %o dep.
- - LAFT™ Ry T
PL=x R Tq0p ml‘[f,‘————_‘;; -”DRI __.ﬂ_T fD L gapD
1+1LHLTg$; +1LRLTga 1+£LRLTg5;’;'
Pe—U+T1)pp 1 (apn 9p «m) 3PD( — 9_@_) (1. _9PDOPL
! A+zy) aT, appal, ”(1+-’L) p PD' (1+=zL) IppieL
1 dpg 1 dp i ap
Dg—11lp —_—E —_—tE — - re
£ 0y g Py op 0y a1,
i . —

is obtained. Using the result for Gg'“ » 1t is simple to find all the increments of 'the‘
vector U:

(8U)] = (UIH —up” (GG dp, 6z oz, dzp, Os,, Osp). (56)

Explic1t or implicit schemes may be used for this purpose, with the following order of in-
tegration of the equations: Egs. (48), (49), (50), (51), (53), (54). 1If the discretization
_ scheme 1s of second-order accuracy, a tridiagonal matrix is formed for each equation in the
" implicit method; this matrix may be transformed using recurrence relations. Thus, the trans-

formation of higher-order matrices is eliminated, and less machine memory and machine time
is required. : :

The principal dependent-variable vector is chosen in the form

—‘(G P, Z, Ty, Ty, Té.a I'/) (57)
Using the equations of state given below, the following transformation is made
- 8U = M8U. (58)
Hence, the values of U in the new time plane are obtained

UM = UP 48U, j=1, J. (59)

Equations of State

The derivation of the equations of state is too cumbersome, and so only the final result
is given here .

| avg Tydsg L2 e Tase A7 (60)
dp-._--joatz[z(.ﬁ:v dz,) t S(i— z) == A],
where

v o Pp_ dhp dpr v (61)

dsg == dsy - Tebs D o2y dz,; ‘
dzy = (2dzy, — z1, dT)(T — TL)% Egg;

. S—1 g | ... Hus _
Az_-—‘d —‘[ _—az—J zv’T U— SU,,
. Pg ("hg/aP)—1 T gdsg (64)
dT, = Pecpy p ,+ tpg
AT, e — D1 ORy10p) -1 dp + Tydsg (65)
& Prcpp i crF
P dhy ap (66)
Pe€pg == PLE L +Pp (C,,u— (7'[’1; d;’: ) ;

PECpr = PsCps + PBC 15 (67)
ahy ahy apL, ) - (68).

vy =15k -
S(1—z) (69)
16% ~ o[ e+ =™ |3 ‘
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o .‘
fo=2t220) a0

Here G* is the local critical flux density and

A _ oy oo pi (@hifop)—t ' (71)
G2 ap T aTi  picn ’ .
where .
i=g, F, (72)

determines the local values of the critical mass-flux density for the gas phase and for a
mixture of liquid + solid phase (water + boric acid), respectively. The necessary deriva-
tives of pl, and vg are shown in Table.1,

Steady State

Consider the local conditions for the appearance of critical flow. For the steady state,
from Eqs. (48)-(54), the following result is obtained using the vector UT as the dependent- .
variable vector and the above notation and relations

G4 =const; _ (73)
- , | (74)
x, = coust; : (75)
. Zp == const; : (;g)
a=[- Z+G%"’—”—G(1fo L)) a—cueey; an
%-s - vs+fo<vg_—sm, -~ (@78)
dAl —_ ‘”E Tgs S_(?i Ty _ Ty, ( dng 4 vy, pp dhy dpp ) . (79)
oz ()Tg Cpy - ATy cpp (z—xp)? dzry, v ('ITg Pgepg Opp dzg |’ )
ATy ey (Ohglop)—1 ap N Tydsgldz v . (80)
dz - pgcpg dz Cpg ! ' 81
d'l'f N i (dhylap)-—-1 dp + Tidsp/dz ( )
dz Pripr dz Cpp ¢

It is evident from Eq. (77) that the local condition for the appearance of critical flow
may be denoted by

G=G*(dp— — ). ' : (82)
Conclusions - '

The system in Eqs. (48)-(54) has a series of advantages., Two are that it is simple and
-continuous on passing through phase boundaries. In the case where an explicit scheme is used
for the integration of Eqs. (53)-(54), the spatial derivative of the entropy may be calcu-
lated from the equation of state for the entropy with known temperature and pressure, employ-
ing the usual set of approximations of the thermodynamic properties for the individual phases
and components, vhich leads to considerable economy of computer time.

The system in Eqs. (48)-(54) as well as Eqs. (60), (64), (65), (69), (74), (78), (79),
and (83) and the steady system in Eqs. (73)-(81) satisfactorily reproduces the limiting
case of lack of uncondensed gas or gas phase or liquid and solid phase. Note that the given
model does not work in the limiting case of a flow of uncondensed gas or of uncondensed gas
and liquid in accordance with the assumptions; see the section on the mathematical model.
- The explanation for this is that the equations of state of the mixture were derived using
Eq. (22), which is not defined for this case. However, it must be taken into account that,
in the presence of the gas phase, a known amount of vapor is always present; this means that
the model is applicable in many practical cases. :

NOTATION

A, area; cp, specific heat; FR, frictional force; fR, frictional force of the phase or
component per unit volume of flow; G, mass flux density; G*, critical mass flux density; g,
acceleration due to gravity; h, specific enthalpy; M, mass; m, mass flow rate; p, pressure;

Q, thermal power; §"', thermal power per unit volume of flow; RL, gas constant of air; R,
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‘frictional force of the flow as a whole per unit volume of flow; S, slip coefficient; s,
specific entropy; T, absolute temperature; i/, dependent-variable vector; u, specific internal
energy; v, specific volume; w, velocity; Awf = wex — wf; Awg = wex — wg; Wf = (Wex + wf)/2;
wg = (wex + wg)/2; Z = fR +pgcos@; x, mass flow~-rate gas content; z, linear coordinate; ¢,
angular coordinate; &, volume gas content; u, rate of phase transition; u, density; 1, time;
~d, 3, total and partial differentials. Indices: L, air; D, vapor; B, boric acid; f, water;
F, water + boric acid; g, gas; ex, phase returning the mass.
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PASSIVE STABILIZATION OF VERTICAL INSTABILITY
" IN A TOKAMAK REACTOR

S. G. Bespoludennov, S. A. Galkin, UDC 621,039.61:533.95
L. M. Degtyarev, and V. I, Pistunovich

In the thermonuclear tokamak reactors being designed at the present time, the plasma .
has a cross section which is elongated in the vertical direction, The elongation permits
increasing the limiting pressure of the plasma and the plasma volume for a specified value
of the stability reserve q as well as economically utilizing the space inside the D-shaped
toroidal coils (the D-shape of the coils is caused by minimization of the mechanical stresses
~in them when a high current is flowing). The presence of a poloidal diverter in a tokamak
‘reactor can also lead to an elongation of the plasma filament. However, the configuration
of the poloidal field which permits forxming an elongated D-shaped cross section is unstable
with respect to vertical shifts of the plasma. The forces elongating the plasma cross sec-
tion tend to increase a small shift from the equilibrium position without limit. In the"
absence of a plasma sheath or other stabilizing elements this instability develops in Alfvén
times (the instability increment y & 10° sec™!).

In order not to permit deviations of the plasma from the equilibrium position of more
than 3-5 cm, it is necessary to use a system of active feedback which reacts to a shift of
the plasma. The currents in the active coupling loops should create a compensating field
which returns the plasma to its original state. .The rate of growth of the controlling field
is determined both by the characteristics of the active system itself and by the time for it
to penetrate through the conducting structures between the plasma and the loops. It is as-
sumed at present that the slave system will be able to catch the plasma and control its po-
sition in 50-100 msec after the start of a shift. Therefore the instability increment
should not exceed 20-10 sec”'. Such a value of y can be expected in the presence of passive
feedback, i.e., currents which are induced in the cornducting structures upon a shift of the
plasma. The first wall, blanket, and shielding of the reactor as well as the conducting
structures specially used to suppress rapid vertical instability can serve as the elements
of such a system., Thus at INTOR they use aluminum loops 6-10 cm in radius separated in the
toroidal direction by frames (INTOR, Phase One, Vienna, 1982, p. 109) with this aim. The
passive stabilization system should not significantly decrease the flux of neutrons from the
plasma into the blanket; therefore the alternative of using the structures of the blanket it-
self for stabilization seems very attractive. The results of a numerical investigation of
instability stabilization using a case with an effective thickness of 5 cm to simulate the
first wall of the reactor and the blanket are glven in this paper.

' Translated from Atomnaya Energiya, Vol, 56, No. 4, pp. 210-212, April 1984 Original
article submitted October 17, 1983. '
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Fig. 1. Configura-
tion of the case T
formed by the first
wall of the tokamak
reactor and the
lithium layer of
the blanket.

700}
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‘Fig. 2. Dependence

of the vertical in-

stability increment

Y on the linear con-
. ductivity of the case

o N

: The stabilization problem is investigated in the approximation of a rigid shift of the
plasma filament. A toroidal coordinate system (r, ¢, 2) is introduced. In the following we
shall use the symmetry in the toroidal angle . We shall simulate the plasma with a fila-
mentary current Ip having the coordinates [rp, zp(t)]. We shall assume that the plasma loop
can undergo only vertical shifts § = (0, 0, §). Variation of the poloidal magnetic flux upon a
shift of the plasma is cause for the appearance in the case of an emf in the toroidal direc~
tion which one can express in the thin-case approximation in terms of the electric field in-~
tensity:

&(r, 2z, t); v§> E(r, 2z, t)yrdo=2arE(r, 3, ), ' (1_) ‘

where r and z are the coordinates of the case I' (Fig. 1).

'Having made use of Ohm's law, we obtain an equation for the 1inear density of the cur-
rents induced in the case::

HhLﬁ=—%ﬂ%$ﬁn : (Q

The poloidal magnetic flux y at any point of the case is comprised of the flux

Pp=wol G (ry 23 Tpy 2,), : | (3)
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TABLE 1. Coordinates of the Equilibriuﬁ Coils and the Currenﬁs_in Them

Goil number
Parameter * )
1 2 3 4 5 6 1 8 9 10

r, m 11,5 7,5 3,0 1,2 1,2 1,2 1,2 3,0 7,5 11,5

z, m 5,0 7,0 7,0 3,25 1,0 —1,2° | —3,35 [ ~7.2 |—7.0 —5.5

I, MA 0,05 -2,05 1,8 8,0 —18,2 —16,55 12,25 18,7 14,0 —22,3
created by the plasma loop, the flux

br=p [ 107 2, 066, 5 L D, - )
. T -

which arises due to the induced currents, and the flux w caused by the external equi-
librium currents. The function G(r, z; r', z") determines tﬁe field of a single loop with

the current

G(ryz 1, 2)= ]{E;T ((1— )K(P)-—E(p)]

brr’
S s )

Here K(p) and E(p) are the complete elliptical integrals of the first and second kind. Since
the equilibrium loops are located far from the plasma and are shielded by the blanket, the
shielding, and the cryostat, the currents induced in them upon a shift of the plasma are
negligibly small. Therefore we shall assume that yequil does not vary in time.

Having combined expressions (2)-(4) on the assumption of the constancy of the plasma
current Ip, we obtain the following integrodifferential equation:

1 , 2 Tp a " d , 20, t ' '
i(r, 2, t)—=— Po“ p 0G(r ozprzzp) a% i‘.:_“_j _i_(fmz_,._)_(;(r, z r', 2)dl, (&)

where ¢ is the conductivity of a unit length of the case I', i.e., the product of the specific
conductivity by the case thickness,

The shift of the plasma £(t) satisfies the equation

i : '
ml’?t_g—ZFl'*"Fzs : (7)

where m, is the mass of the plasma and F,; is the force acting on the plasma on the part of
the poloidal restraining field upon deviations from the equilibrium position. Its: value is
determined by the radial component of the magnetic field created by the currents Ii at the
point [rp, zp(t) = zpo + £(t)], at which a plasma filament with the current Ip is located:

N ‘
aG i ? 3
F‘_—.,an],,B,zznpolp 21 ]i_%ﬂ - (8)
Here (ri, 2zi), 1 =1, 2, ..., N are the coordinates of the equilibrium coils Ij. The re-
storing force F, is determined by the Foucault currents in the case:

aG(r', 2’5 rpap) dl'. (9)

aZp

Fy=2np,1, gi(rﬂ 2, 1)
P
The system of equations (5)-(9) is closed and is numerically integrated to determine the—
-dependence of the vertical shift £ on time. The algorithm for the numerical solution of the
system (5)-(9) consists of successively finding the induced currents from the solution of
Eq. (6) and calculating the forces from the expressions (8) and (9) and the shift £ from Eq.
(7). The matrix of the difference analogue of Eq. (6) is inverted by Gauss' method with the

‘selection of the principal element; at each time step iterations are provided for refinement
of the unknown quantities.

229

Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040004-4



Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040004-4

Knowing how the position of the plasma varies in tlme, one can estimate the instability
increment y by the formula

_ E(2) =Ejevt-to), - - - o (10)
where £o is the shift of the plasma at time t,. N :

The following parameters were used in the calculations of the vertical instability of
the plasma in the reactor: plasma current Ip = 5.4 MA, coordinates.of the equilibrium posi-
tion of the plasma rp = 4.8 m, zpo = 0.581 m (the z—coordinate was figured from the center
of the toroidal coil), and mass of the plasma mp = 10 ~* kg. The coordinates of the equlib-
rium of the coils and the values of the current in them are given in Table 1.

In the induction method of maintaining the current in the plasma filament the resistance
of the conducting structures surrounding the plasma should be no less than a specified value;
therefore one can obtain.an upper limit for the conductivity of the case. For the case shown
in Fig. 1 Rer = 0.2 mQ corresponds to oer = 1.1¢10* Q' (for a case thickness of 5 cm its
specific conductivity should not exceed 2.2-.10° Q" 'em~!), The. dependence of the instability
increment y on the case conductivity is given in Fig. 2. The error in the determination of
the increment is caused by the fact that the dependence £(t) as found from the calculation
is only approximately of an exponential nature. The values of y calculated from formula (10)
are different at the different times to and t. The error in all the calculations does not ,
exceed 10%, which is reflected in Fig. 2. Even with o = 2¢10“ Q™! the value of the increment
remains at the level of 35 sec” . We note that the calculated points are located with good
accuracy on the straight line log vy = 5.5 — 0.9 logo. '

The calculations performed permit concluding that the structure of the first wall and
the blanket with an effective conductivity ¢ = (2-1)+10“ @~ decreases the increment of the
development of vertical instability to the value y = 30-60 sec”'. This permits us to do
without additional structures of passive feedback. However, the active feedback system should
provide a response speed of 30-15 msec. According to the estimate, the rate of penetration
of the field from the active feedback coils through the case is 5 msec, which is sufficient
to provide for control of vertical instability of plasma in the reactor.

THERMAL-NEUTRON FISSION CROSS SECTION OF THE SHORT-LIVED
ISOMER OF *°Np

E. A. Gromova, S. S. Kovalenko, - UDC 539.173.4
Yu. A. Nemilov, Yu. A. Selitskii, S :
A. V. Stepanov, A. M, Fridkin,

V. B. Funshtein, V. A. Yakovlev,

G. V. Val'skii, and G. A. Petrov

In nuclear reactors (particularly in fast reactors) *>°Np is formed in the reaction

237Np(n, 2n)*°°Np in two states: long-lived *®°Np(l) with a half-life T,/ = 1,55-10° yr
[1], and short-lived *°°®Np(s) with T,/2 = 22.5 * 0.4 h [2] The ?®SNp(l) thermal-neutron
fission cross section is 2500 + 150 b [3] (1 b = 1072° m®). There are no published data on
the %°°Np(s) fission cross section. According to systematics [4], the thermal-neutron fis~'
sion cross sections of odd—odd heavy nuclei are larger, and in view of this the measurement
of the *®°Np(s) cross section is important for the solution of many applied problems. From
the scientific point of view such work would supplement the very limited information on the
fissionability of odd—odd nuclei, and would help to determine the effect of spin, parity,
and other characteristics of nuclear isomers on the thermal-neutron fission cross section.

Experimental Arrangement, - The experiment was performed in three successive stages:
the accumulation of 2°°Np(s) in an appropriate nuclear reaction; the separation of the **®Np
from the irradiated sample, the removal of admixtures of heavy nuclides fissionable by ther-
mal neutrons, and the preparation of a target' the bombardment of the target by thermal re-

Translated from Atomnaya Energiya, Vol. 56 No. 4, pp. 212-214, April, 1984. Original
article submitted September 19, 1983.
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Fig. 1. Time dependence of
rate of fission of nuclei
measured from the instant of
preparation of the neptunium
target: O ) experimentally ob-
served fission of *°¢
impurity elements; —-—) count-
ing efficiency on plateau,
taken as unity; A) fission of
236NP(S); —) Ti/2 = 22.5 h.

 actor neutrons. Because of the relatively short half-life of 2°°Np(s), all stages of the
~work had to be performed quickly.

The ?°°U(d, 2n)?°°Np reaction was chosen for the accumulation of *°°Np(s) because it has
a rather large cross section at E4 = 12.6 MeV [5], and eliminates the formation of dangerous
amounts of other neptunium isotopes. A 1.3-mg/cm® *°°U target was made by the thermal de-
composition of an organometallic compound on an aluminum substrate. The 2°3U admixture in
the uranium target was 0.05 wt. %Z. The target was bombarded with a 10-uA current of deuterons
for 20 h at the Leningrad University cyclotron.

The bombarded uranium was dissolved in a mixture of concentrated nitric acid and hydro-
gen peroxide. 1In the chemical separation process 40 ng of *°’Np were added to the solution
to serve as a carrier and to monitor the *°®Np yield. The neptunium was freed of uranium,
fission products, and the *°°Pu that formedin decay of *°°®Np(s) by extraction chromatography.
Methyl trioctylammonium nitrate deposited on Teflon powder was used as an extractant [6],

The threefold chromatographic purification made it possible to obtain decontamination factors
of ~10° and ~10“ for the removal of uranium and plutonium respectively from the neptunium.
The purified neptunium, containing isotopes with mass numbers 237 and 236, was deposited on
a platinum substrate electrolytically. The yield of neptunium in the chemical purification
was 20%.

Eleven hours elapsed between the end of the bombardment of the U at the cyclotron
and the beginning of the measurement of the *°°Np(s) fission cross section at the reactor.
This time was spent in the chemical processing of the material and the transport of the tar-
get. During this time the ?®°Np(s) decayed by 30%. The mass of *°°Np(s) bombarded at the
reactor was calculated from the alpha activity of the *3°Pu accumulated in the target after
its long cooling. At the beginning of the measurements at the reactor the mass of *3°Np(s)
in the target was 0.016 ng. '

236

" The 236Np(s) fission cross section was measured by a relative method. A thin-walled
evacuated chamber in the form of a Duralumin tube was placed in a horizontal beam of 10°
“neutrons/cm*-sec extracted from the reactor. A natural uranium target containing 175 ng of
235U was located on the bottom of the tube. A neptunium target of the same diameter was
mounted up against the outside of the bottom of the chamber. The fission products were re-
corded by mica track detectors., The mica was placed in contact with the *®®Np, ensuring the
recording of 96 * 1% [7] of the fission products. The uranium fission products were recorded
in a solid angle of 10 °-10"2 sr, depending on the duration of the bombardment. The cadmium
" ratio for *°°U was R =’10.0 * 0.3 for a cadmium thickness of 2 mm; i.e. 22% of the total
neutron flux was in the energy range >0.6 eV.
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Experimental Results. The bombardment of the *2°yU target by deuterons led not only to

the production of *“°Np(s), but also to the formation of the long-lived isomer 2®°Np(1).
The ratio of the numbers of 2®*Np(s) and *°°Np(l) nuclei formed was 4-6 [8, 9]. 1In addition
to the-admixture of the long-lived neptunium isomer with a large fission cross section, the
target may also contain fragments of such heavy nuclides as 2°%U and ?°°Pu which are diffi-
cult to monitor. To find the effect of the contaminants on the measurement of the number
of fissions of target nuclei, we determined the time dependence of the number of fissions.
Figure 1 shows that the number of fissions of target nuclei per unit time decreased and ap-
proached a constant value. It was noted earlier that *°®®Np(s) decays partly into zs‘Pu,
which also is fissioned by thermal neutrons, Taking account of the small contribution from
the fission of *®°pu, the semilog graph of the time dependence of the number of fissions in
the neptunium target minus the counting efficiency on the plateau has a slope corresponding
to the known half-life of 2®®Np(s), T./2 = 22.5 h.

Since the neutron spectrum contains an epithermal component, at the start of the series
of experiments and after reaching the plateau, the target was covered with cadmium and bom~
barded further. The zs°Np(s) thermal-neutron fission cross section was calculated from the
formula

Np_ UNU FRK—FC
Ofp=°!NUw+U})uW, (1)
where
’ 1 Np ;U Np AU
P ¥ _ ) 2
“_NNv(l)'(‘v’ IND)— (NP INT) py ) (2)
Here of and ofY are the *°*U and ?°°Pu thermal-neutron fissiop cross sections, taken equal

to 583.5 # 1.3 b [10] and 165 + 20 b [3] (1 b = 1072® m®); (NgP/N])¢ and (WNR/NJ);; are the
ratios of the numbers of fissions in the neptunium and uranium targets at tgme t from the.
instant of preparation of the neptunium target, and on the plateau; NU and NNP (t) are the
numbers of **°U and *°°Np(s) nuclei in the uranium and neptunium targets, FCd js a quantity
referring to experiments with a cadmium cover, K is a correction for the absorption of reso-
nance neutrons by cadmium, W is the probability of the B~ decay of 22°Np(s), assumed equal
to 0.48 + 0.01 [2]. The value of oNP calculated from the results of all the measurements

is 2740 + 140 b. The main contribution to the mean-square error of the cross section (SZ)
comes from the random cemponent of the errors of the parameter F (4%) and the error of the
number of 2°°U nuclei in the uranium target (37).

The experiments with a cadmium cover made it possible to estimate the epicadmium (Ep >
0.6 eV) resonance fission integral of 22°Np(s): :

P =IPNYFS | W, (3)

where Ig and I?u are the resonance fission integrals of 2°°U (275% 5 b) [3] and #36pu, re-

spectively., It is clear from Eq. (3) that the calculated value of I?P depends strongly on
1Pu.
FU:

I =200 4 0.4817" (b).. - (4)

If we take the published estimated value of IEU = 960 b [11], I§P = 700 + 400 b. The error

of the estimate of ILU is not reported in [11l]. The error indicated for I?P is mainly ran-
Pu

dom, and does not include the error of IEh.

The values of the fission cross sections of the long-lived and short~lived isomers of
Np, having spins of 6~ and 17, respectively [1], turned out to be nearly the same. This
does not agree with the statement in [4] that isomers with large spin have a substantiall
larger fission cross section. :

236

In conclusion, the authors thank S. M. Solov'ev and A. S. Voronin for preparing the

236y targets. :
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MEASUREMENT OF BURNUP OF NUCLEAR FUEL IN A REACTOR
BY NEUTRINO EMISSION

" V. A. Korovkin, S. A, Kodanev, ‘ UnC 539.12,08.126.5
A. D, Yarichin, A. A. Borovoi,
V. I. Kopeikin, L. A, Mikaélyan,
and V. D. Sidorenko

By the mid 1970s methods of recording nuclear radiations had improved enough to pefmit
.the beginning of the development of methods for diagnosing in-pile processes from the neu-

trinos emitted* in the beta decay of fission fragments [1l, 2]. The intensity of the V¥ flux,

its spectral (energy) composition, and its spatial and temporal variations contaln abundant
information on the state and dynamics of the reactor core.

In our opinion neutrino diagnostic methods are expedient, since they do not require
direct contact with the core, and are catried out remotely. In the last analysis the actual
field of application and the ability to compete are determined by how well these methods and
the technology are perfected. At the same time it is easy to imagine conditions under which
neutrino methods offer the only way of obtaining the necessary information.

_The present article describes the first step toward the practical use of neutrinos.
The work was performed within the framework of a general program of applied and fundamental
research [3] at the neutrino laboratory which began operating at the Roven nuclear power
plant in 1982 (4],

Neutrino Diagnostics Method., The process of recording ¥Ue is based on its interaction
with hydrogen ' '

Vet p—> ntet, (1)
which leads to the formation of a neutron and a positron. The total cross section for this
reaction (6:107“3% cm?/fission) is very large on the neutrino scale. The threshold of the
reaction is 1.8 MeV, The neutrons formed have an energy of ~10 keV, so that practically all
the excess of Ej above the threshold is carried off by the positron. The cross section oj
" of reaction (1) for Ve of energy Ey is determined by the same combination of weak-interaction
constants as in the beta decay of the free neutron. Thus, oy, can be expressed directly in
terms of the characteristics of beta decay and the kinetic energy Ep+ of the positron formed:

2,63 )
= T, 107 (Bgefmyc? 4 1) [(Epelmoc® +1)2 1112, o2, o (2)

where T,/ is the half-life of the free neutron (630 *.20 sec), moc? is the rest energy of
the positron, and f = 1,715,

The cross section df per fission is given by the expression

o= Y f(E)0~dE.. . 3)

*In VVER—44O reactors, for example, the power carried off by neutrinos. is m65 MW.

: Translated from Atomnaya ﬁnergiya, Vol. 56, No. 4, pp. 214-218, April, 1984, Original
article submitted November 17, 1983,
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TABLE 1, Contribution of Individual Actin-
ides to the Number of Fissions during the -
First and Second Runs of the VVER-M;O, and
| ‘ the Change in the Correction Term 1 + K
‘ Run
- Parameter
start ‘middle end
| _ o 0,861* 0,681 0,526
| 0,681 0,587 0,486
| - 0,071 0,074 - 0,078
0,073 0,076 0,078
i~ 0,068 0,235 0,355
0,223 0,30 0,37
al 0 0,04 0,041 ‘
0,023 0,037 0,066
1,015 0,97 0,94
1K 0,97 0,95 0,93

*Values for the first run are in the numer—
ator, and those for the second rum are in
the denominator.
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Fig. 1. Spectrum of Ve

generated by the reactor;

2) spectrum of B~ elec- _
trons from fission prod- i
ucts; 3) spectrum of posi- '
trons from reaction (1),

ghére £(Ey) (MeVefission)~* is the spectral density of the ;e? Figure 1 éhows spectra of the
Ve and positrons from reaction (1). i : '

The diagnostic method being described uses the relation between the number Nj; of counts
of the neutrino detector and the number Nf of fissions in the reactor:

(4)

Ne=20r oo Ny=N-4nR?

N'UfE ’
where Np is the number of hydrogen atoms in the detector, R is the distance from the reactor
to the detector in m,* and ¢ is the efficiency, i.e., the ratio of the number of recorded
events to the total number occurring in the detector. For definiteness we note that in a
detector containing 1 m® of organic scintillation material, the neutrino effect for the VVER~
440 is Ny ~ 10%/R? events per day. The main problem is the determination of the number Ng

. of fissions_from the "responses" N, of the neutrino instrument. After determining Nf, the
burnup M and the energy production W can be determined sufficiently accurately.,

*We assume a point source and a point detector,
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Fig. 2. Energy den-.
sity distribution
along height of core:
~a, b) middle and end
of first run; c) start
of second run; 0, geo-
metric center of core;
arrows a and b indi-
cate "centers of grav-:
ity."

The neutrino detector can be used to make absolute measurements of Nf, M, and W (in this
case it is necessary to know of, €, and Np which enter Eq. (4)), and as a device whose scale
must be calibrated beforehand. In this case measurements of Ny must be made in the flux of
a reactor with known characteristics to determine the constant 1/Npofe. We note that at the
present time the error of the absolute measurements is larger, mainly because of the uncer-
 tainty in the value of of. We used both methods. . :

Let us discuss the error in of and the reasons for the failure of a linear relation be-
tween Nf and Ny in Eq. (4). In experiments performed at the I. V. Kurchatov Institute of
. Atomic Energy it was noticed for the first time that the spectrum f(EY), and therefore also
the cross section of, depends on which actinide is fissioned [1-3, 5, 6]. In reactors with
fuel highly enriched in *°°U this is unimportant. In reactors of the VER type, and in a
number of others, several actinides (*°%u, ?°®y, 2°*°py, and ?“*Pu) are burned up simultane-
ously. Introducing their fractions ol of the number of fissions, we can write

o= Za’oi; ol = S f,o~dE;; Sat=1, . ’ (5

‘where fi is the Ve spectrum of the given isotope. Separating out the *°%y contribution, we
obtain

0;-=0? (4 K); 1+ K =1+ Zaol/oi—1). -' (5a)

In order to find o} and the ratios of the cross sections appearing in Eq. (Sa), it is neces~
sary to know the spectra fi.

The spectrum fi of a given actinide can be found by summing the individual spectra of
the fission products, taking account of their yields. Research in this direction is being
developed intensively, However, because of a lack of part of the input data, different re-
sults are obtained by different authors, In the last three years five values have been ob-
'tained for of ([7] and references cited in it). : )

Henceforth, we assume »
0% = (6.60 = 0.7) -10-43 cm?/fission. (6)
All the values of o% cited lie within the limits given in Eq. (6).

The error of the value of of can be decreased by using measurements of the beta spectra
of the mixture of fission products of this isotope. This idea, which arose long ago (1, 8],
was developed further in [9-11]. In those papers a rule was found for determining the ve
spectrum directly from the integrated beta electron spectrum of the fission products, Recent
measurements of the beta spectra of *?°U and *°°Pu performed at the I. V. Kurchatov Insti-
tute of Atomic Energy [11] and measurements reported in [12] so far have not enabled us to
decrease the error under consideration; new measurements are needed. The correction term
1 + K in Eq. (52) is much more accurately known than of, since the ratios of the cross sec-
tions appearing in it are relatively insensitive to the:details of the calculation of neu-
trino spectra, According to [10, 13], og/of = 0.69 * 0.03, og/cf = 1.55 * 0.15, and oflog =
1.0 + 0.1.
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Fig. 3. Schematic dia-
gram of arrangement of
equipment and measuring
instruments: 1) center
of core; 2) technologi-
cal room; 3) heavy-con-
crete shield; 4) steel
lining of room; 5) con-
crete slab; 6) neutrino
spectrometer; 7) anti-
neutrino flux integrator.

Let us consider now the change of contributions of individual actinides, and the correc-
tion term 1 + K during the first two runs of the VVER-440 (Table 1). The data on ai are from
[14, 15}. Table 1 shows that the nonlinearity determined by the change in the core composi-
tion is not large. This correction can be introduced if the core composition is very inac~
curately known. If we leave out the first months after the first startup of the reactor, all

the changes in 1 + K amount to 0.96 + 0,03, In the preliminary stage of the work we neglect
these changes and take 1 + K = 0,96. '

We now consider briefly the expression relating the fuel burnup M* and the energy pro~-
duction W to the number Nf of fissions. .

Clgarly,
M=N,?rz‘a=N,1\;—‘1; W=NE,, &)

where my and A are the average mass and atomic weight of the fissionable actinide, E} is the
average energy released in the reactor per fission, and Np is Avogadro's number. It is easy
to confirm that in theVVER-440 A'and Ef do not vary more than #1% during a run. It was as—

sumed that A = 237 + 1.5 and Eg = 202 + 2 MeV. Using these values, we obtain Nf =2,55¢10%“e

M (kg);

N;=2.67-102W MW days, : : (72)
Finally let us consider the effect of the finite core size on the error of the method.
If the distance R in Eq. (4) is at least five times as large as the core dimensions, it is
sufficient to restrict ourselves to the dipole approximation. Then it is easy to show that
the neutrino source can be considered a point, but R must be understood as the distance to
the "center of gravity" of the energy during a run. In the measurements of the energy den-
sity distribution by the activation method (Fig. 2), it was established that the displacement
actually was approximately 10 cm from the geometric center of the core, which for the actual

*Burnup is the total mass of actinides undergoing fission,
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4); 2) absolute scale
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distance R = 18.4 m (cf. later) leads to a correction of ~1.27. At the present stage of the
work we neglect this effect. 1In order that this effect not exceed 1%, the distance from the
detector to the center of the VVER-440 core should be at least 25 m for the detector located
close to the reactor axis, and *15 m in the transverse direction.

Measurements and Results. The measurements of Ve were performed with a scintillation
spectrometer. The general arrangement is shown in Fig. 3. The target for the Ve and the
moderator of the neutrons formed was a liquid organic scintillator based on decalin (C,oH;s)
with the addition of ~0,5 g/liter of gadolinium. The scintillator (235.5 liters) was con-
tained in a 0.5 x 0.7 x 0.7 m tank, and was scanned by 24 FEU-49 photomultipliers. The life-
time of thermal neutrons in the scintillator was ~54 usec (195 usec without gadolinium).

The criteria for selecting events from reaction (1) are the following: starting pulse
in the energy range 1.0-9.5 MeV (positron); second pulse in the time interval up to 200 usec
_after the first in the energy release range 3-10 MeV (neutron), The background of random
coincidences was measured continuously by the method of delayed coincidences, and was sub-
tracted.

The efficiency of counting neutrino events was calculated by the Monte Carlo method.
The main units of the program were tested by comparing the calculations with the results of
check experiments with various gamma and neutron sources. The value of the efficiency ob-
tained in this way wase = 0,285 * 6Z. A decrease of the error in € to 1-1,5% 1is projected.
The procedure is described in more detail in [16].

With the chosen selection criteria the detector records a certain number of events (back-
ground) even in the absence of a neutrino flux. This determines the position of the "zero"
of the instrument., In most cases these events are initiated by fast neutrons accompanying
cosmic muons, The zero of the instrument is determined by measurements during the time the
reactor is shut down for routine maintenance. The measurements required 24,2 days. It was
found that the zero of the instrument corresponded to 94.2 + 3,5 counts/day. During almost
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two months no drift of the zero was observed within the limits of error. It is assumed that
in the future the zero level of the instrument can be substantially reduced by more stringent
selection criteria.

The instrument scale was calibrated at various values of the average thermal power of
the reactor. We list below values of the energy production in 10° sec, determined by a ther-
mal method, and the instrument reading during that same time (Fig. 4):

W, MW days 1590 1567 900 747 397 |
Ny 267 * 16 261 + 18 160 + 20 141 + 35 58 + 32

The relatively large error at low power is a result of the short operating time of the
reactor under these conditions. The results obtained for calibrating the scale are well
described by the linear relations Wcal (MW days) = 5.92 * 0.26)Ny and Mcal (kg) = (6.21 #
0.28)10° N3. '

The absolute scale of the instrument was found from relations (4), (5a) and (7a): Mabs
(kg) = 5.74+107°Ny, wabs (My days) = 5.47 Ny; the error of the proportionality factor is 12%.,
In calculating the absolute scale the following values were used: N = (1.59.10%°) + 2%,
R = (1.84+10° cm) * 0.5%, € = (0.285) * 6%, of = (6.6.107“® cm®/fission) *+ 10%, and 1 + K =
(0.96) + 2%. Within the limits of error good agreement was found between the absolute and
relative scales. Figure 5 shows M and W as functions of Ny.

In the last stage the burnup and energy production were measured during 6:10° sec (6.94
days) of reactor operation. During this time the thermal measurements were performed with
particular care. The accumulation of Nj was measured over a sequence of 10°-sec intervals:
Ny = 266, 532, 860, 1127, 1399, and 1653. These values were plotted on the straight calibra-
tion lines for wabs and wcal (Fig. 5). As a result the following values were obtained at
this stage of the work: Wwecal = 9,79, wabs = 9,04, WL = 9.64, Mcal = 10.3 kg, Mabs = 9.5 kg
(energy production per thousand MW days). ’

Let us discuss briefly the prospects for improved accuracy of the method. In the not
very distant future the error of the absolute method may be reduced to 3-4%. To do this it
is necessary to obtain a more accurate spectrum of the Ge arising in the fission of #°®%*y, A
further decrease in the errors requires more accurate values of the weak-interaction constants.
This information can be obtained from experiments on the decay of the free neutron. The er-
rors in calibrating the scale are determined mainly by the limiting accuracy which can be
achieved in determining the thermal power of the reactor during the calibration period. This
.limit will probably be *1.5% in the forseeable future.

We were not concerned earlier with the statistical errors related to fluctuations of
the number of counts Nj. The model used in the present work ensures a statistical error of
1% only during 2-3 months of measurements. In determining the energy production for one
week, for example, the error is three to five times as large. The fast response of the de-
tector can be increased by a factor of ten, for example, by a corresponding increase in its
dimensions, and thus also in the counting rate. Scintillation devices used in other fields
of neutron physics and in astrophysics have an effective target mass 10°-10“ times as large
as that in our experiments. Therefére, after such an increase the detector would still be
small on the neutrino scale. '

The authors thank M. A. Markov for showing great interest in the work and stimulating
it at all stages; V. A. Legasov for giving substantial help in establishing the general
course of the research; A. G. Zelenkov for interesting discussions; colleagues of the physical.
and thermophysical laboratories for discussions and for assisting with the measurements,
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IRRADIATION OF THE USSR POPULATION IN MEDICAL DIAGNOSTIC
PROCEDURES

E. I. Vorob'ev, R. V. Stavitskii, _ UDC 616.07.75
V. A. Knizhnikov, R. M. Barkhudarov, V. N. Korsunskii," -

V. I. Popov, Yu. I. Tarasenko, V. A. Postnikov,

N. V. Frolov, and V. P, Sidorin

Medical radiology and radionuclide studies represent leading diagnosis methods. Their
‘high performance has meant that they have become widely used, which has involved improvements
in apparatus and researches designed to provide new methods to increase the informativeness.
On the other hand, medical diagnosis is one of the principal man-made radiation factors for
the population, and therefore patient exposure levels have latterly attracted considerable
attention from the viewpoint of radiation safety. This is due on the one hand to the assump-
tion that there is no threshold in the effects of ionizing radiation, according to which any
" dose is not a matter of indifference to the body, and on the other the substantial scope for
reducing population doses, which to a substantial extent can compensate for the effects from
other sources such as nuclear-power installations. In particular, the average population
dose is reduced by reducing the number of fluoroscopic examinations and increasing the num-
bers of radiographic and fluorographic ones. For this reason, there have recently been sub-
stantial changes in the structure of x-ray examinations, although the total number has in-
creased (Table 1). Age features have been taken into account, and the number of young per-
sons undergoing radiology has been reduced, which also reduces the possible remote effects
" (especially genetic ones).

Radioisotope diagnosis is used in this country in 320 laboratories in the-Ministry of
Health of the USSR system. In 1981, about one million people were examined in this way.
It is planned to make more controlled use of radiopharmaceuticals (RP) and to increase the
use of short-lived nuclides. This reflects the tendency to reduce the patient irradiation
level, which is envisaged in current rules for patient irradiation in diagnostic procedures
[1], which represent the first such rules in world practice. It was planned for 1982 that
the total number of persons examined should increase by 25% by comparison with the previous
year, while at the same time it was proposed to reduce the consumption of RP such as Rl O
sodiun iodide by 16%, °*Cr—sodium chromate by 20%, *°°Yb—DTPA by 31%, and to increase the
use of other preparations such as °°WTc generators by more than a factor two and of 1%°Xe by
11%.  The most widely used radiopharmaceuticals in the USSR are '®'I—hippuran (293 labora-
‘ tories), *®'I—sodium iodide (280 laboratories), >'I—Bengal red (250 laboratories), '*’I—
albumen (155 laboratories), '*!I-MAA (130 laboratories), ®®Au colloid (265 laboratories),
1®’Ho—promeran (226 laboratories), °**P—sodium salt (134 laboratories), and °°®Tc generators
(110 laboratories).

This paper gives estimates of the mean irradiation levels for the USSR population in
1981 due to radiological and radionuclide examinations. A difference from [2] is that the
estimates are based on a fuller analysis of the types of procedure and forms of radiopharma-
~ ceutical, and also they are represented in units of effective equivalent dose (EED), in ac-~
cordance with the ICRP recommendations [3]. Note that we have not considered repeated pro-
cedures performed in accordance with indications or in order to refine the diagnosis.

: Translated from Atomnaya Energiya, Vol. 56, No. 4, pp. 218-221, April, 1984. Original
article submitted July 22, 1983. - '
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TABLE 1. Dynamics of Radiological Exam=
ination Structure in the USSR

Number of examina-
Examination tions per 1000 people | Percent
change
1964 l 1981

Fluoroscopy 439 220 —509%
Radiography 17 235 379,
Fluorography 183 503 ~H175%
Total 793 958 --219

TABLE 2. Mean Individual Radiation Dose to the USSR Population Due to X-Ray Diag-
nosis, mSv/yr '

Equivalent dose due to _ Effective equivalent dose due to
Organ -
3 fluoro- an ] fluoro- all
radiography {fluoroscopy graphy forms [radiography (fluoroscopy graphy forms
Active bone
marrow 0,39 1,42 0,37 2,18 0,047 | 0,47 0,04 0,26

Lungs 0,33 1,40 0,63 12)36 0,04 0,17 0,08 0,29
Malr:[?&;ary 0,17 0,36 0,11 0,64 0,026 0,054 0,017 0,097
“Thyroid 0,52 0,33 0,09 0,94 0,016 0,01 0,003 0,029
Gonads 0.35 0,36 0,004 0.7 0,087 0,091 0,001 0.179
Others 0,54 0,95 0,36 1,85 0,162 . 0,285 0,108 0,555

Total 0,378 |- 0,778 0,249 | 1,41

We used the data on the structures and frequencies of procedures in 1981-1982 provided
by official statistics and questionnaire results obtained in five regions of the country in
order to estimate the radiation doses arising from radiological examinations. This enabled
us to estimate the frequencies of the 12 major dose-forming types of examination. The av-
erage number of examinations is 958 a year per 1000 population, with fluctuations between _
republics from 464 to 1350, Here 24.5% -are accounted for by radiography, 23% by fluoroscopy, -
and 52.5% by fluorography. The absorbed doses in various organs have been measured on a tis-
sue-equivalent bone-wax phantom by means of thermoluminescent LiF dosemeters (made by Victor—
een, USA), which were placed in the organs in numbers of 5-150 in accordance with the volume, -
We simulated the usual radiological examination conditions: voltage, field size, and focus-
detector distance. The voltages were 60~120 kV. The mean equivalent dose to active bone
marrow was calculated as the weighted mean by mass over the four sections: head 0.13 M, neck
0.04 M, thorax 0.33 M, and pelvis 0.49 M, where M is the total mass of bone marrow [4]. In
other cases, the mean doses were determined as the arithmetic-mean values of the readings of .
dosemeters in the organ. The error in determining the average tissue doses was not more than -
20%.

Table 2 shows that the main doses are to the lungs (2.36 mSv/yr) and the active bone
marrow (2.18 mSv/yr). The main contributions to the EED come from the stomach, liver, spleen,
kidneys, and pancreas, The average individual EED to the population due to x-ray diagnosis
is 1.4 mSv/yr (140 mber/yr), with fluoroscopy accounting for 55.4% (0.78 mSv/yr), radiography
for 26.9% (0.38 mSv/yr), and fluorography 17.7% (0.25 mSv/yr).

We calculated the radiation dose to the population from diagnostic radioisotope examina-
tions on the basis of the total activity for each particular nuclide and compound together
with the data of [5, 6], whose results are derived from a unified scheme [7] based on a hetero-
geneous model for a standard man [8] and clinical data on RP biokinetics. This approach to
estimating doses from diagnostic RP was developed by the MIRD committee in the USA, and it
has some substantial advantages over traditional methods used up to the 1970s and provides
more correct estimation of the radiation burden.

The total activity of radionuclides administered to patients in 1981 was 1050730 GBq
(28.4 kCi), with *®'TI—hippuran accounting for 46%, *®'T—sodium iodide 28%, and *®®Au colloid
about 10%. Table 3 gives the average doses to the USSR population from RP, which shows that
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TABLE 3. Mean Individual Doses to the
USSR Population Due to Radiopharmaceuti-
cal Procedures, mSv/yr

Equiv. Effective equi-

Organ dose valent dose
Active bone marrow 4,9.10°8 0,59.40~3
Lungs 0,98.10-3 0,12.10-3
Thyroid : 507,0-10-% 15,2.10°3
Gonads 1,1-10°3 0,28.10-3
Whole body 3,5-1073 | . 3,51.40°8

Other organs 20,5-10°8 12,3-10-3 .
Total ’ : 32,0-1078

TABLE 4. v Mean Individual Radiation Doses
to the Populations of Certain Countries
due to Medical Diagnostic Procedures,

mSv/yr
i i Radioisotope

Country X-ray diagnosis diagnosis

USSR 1,41 0,032 (our
results)

Poland -0,6[9] —
Japan. 1,8[9] 0,02 9}
Australia - 0,4110) 0,02 [9]
S weden 0,45[10] | = 0,08[9]
Denmark — 0,06 [9]
Britain -1 -0,29[10] —
rinland i 1,16 [10] -

TABLE 5. Irradiation of the USSR Popula-
tion in Medical Diagnostic Procedures

| _Effective equiv. dose
Examination individual, collective,
mSv/yr man-Sv/yr
Radiography 0,38 1,03-108
. Fluoroscopg 0,78 2,12-10%
Fluorography 0,25 0,68-10°
Radionuclide 0,03 0,09-10°
Total 1,44 3,92-10°

the largest contrlbution to the EED comes from 1rradiation of the thyroid (about 50%), with
the other organs and the whole body accounting for the rest.

The doses to the USSR population are characteristic of those for industrially developed
countries (Table 4), in which diagnostic x rays on average account for 1 mSv/yr withprocedure
- frequencies from 300 to 900 a year per thousand people [9]. The frequency of radiological
-examinations in the USSR is 958 per year per thousand people, and the 407 excess over the av-
erage for developed countries in the EED is due to differences in procedure frequency. The
irradiation of the USSR population from radioisotope diagnosis is less than the mean. The
frequencies of radionuclide procedures vary from 4 to 400 a year per thousand people in de-
veloped countries [10]. 1In the USSR, the frequency is about 4 a year per thousand people,
i.e., is minimal for such countries.

» Table 5 gives data on the USSR population irradiatlon from medical diagnosis, which shows
" that the exposure is approximately equal to the average radiation background, which is 1l.1-
2.0 mSv/yr in normal regions [9, 11]. The current level of development in world nuclear en-
gineering is responsible for a mean annual dose of about 0.1 uSv [9], i.e., only about 0,0077%
of the medical dose. The developments envisaged in nuclear power up to the year 2000 lead

one to expect an increase in this proportion to 0.07%, and to 1.4% by the year 2100, on the
assumption that medical irradiation remains unchanged. This makes it clear how important it
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is to reduce irradiation for medical purposes even by a fraction of a percent. Of the other
man-made sources, only irradiation in buildings due to natural radionuclides in the materials
makes a contribution approximately equal to that from medical diagnosis [11], the contribu-
tions from other sources being less by factors of 10-100.

The data show that it is necessary and possible to improve diagnosis in order to reduce
radiation burdens. The doses can be reduced by introducing new apparatus and methods together
with individual protection facilities, and also by controlling the numbers and forms of the
examinations. A study should be made of the actual diagnostic value of the various methods,
which should be evaluated on the basis of a utility-damage criterion, i.e., by comparing the
advantage in socially significant health parameters resulting from the diagnostic information
with the possible unfavorable consequences in order to refine the indications for various pro-
cedures. '
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BEHAVIOR OF THORIUM IN THE LATERITE PROCESS

V. A. Kopeikin UDC 550.43:550,424:550.551.3

It follows from the data of [1-7] that thorium is an abundant element in bauxites and,
according to [8], its concentration coefficient in them is equal to 4.2, but according to
[6] it is 3.4, Laterite bauxites differ from sedimentary and sedimentary-alluvial bauxites
in the higher thorium content (46, 29, and 41 g/ton, respectively: the mean weighted content
is 44 g/ton [6]). Data about the content of thorium are used for the diagnostics of feed
rocks  for bauxites. o

The behavior of thorium in aqueous solutions at a temperature of 25°C and a pressure of
101.325 kPa was considered in [6]. It was shown in [9] that the possibility of formation of
bauxite deposits depends directly on the climate and, at a temperature below 10-15°C, the
formation of bauxites is restricted sharply. The effect of the temperature factor on the .
behavior of thorium in the laterite process has not been considered up to now, although the
diurnal temperature at the surface of bauxite deposits can reach 80°C [10]. In the present
paper, an analysis is conducted of the behavior of thorium in aqueous solutions at elevated
temperature,

In the laterite weathering profile, the solutions are very dilute (ion strength, ac-
cording to modeling data of the bauxite formation process on a computer [9], is less than
107%), and therefore the activity coefficients of all components are almost equal to unity.
Taking this into account, the molarity of the components is equal to their activity.

. rd
Translated from Atomnaya Energiya, Vol. 56, No. 4, pp. 221-223, April, 1984. Original
article submitted March 28, 1983.
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TABLE 1. Value of the Equilibtium Con—
stants of Reactions (1)-(6) at a Differ-
~ent Tgmperatupe

-log K
‘t, °C

" Ky Ky K3 Ka Ky - HKg

25 | 10,12 | 19,88 | 27,65 | 33,99 | 37,34 | 37,34
50 9,73 | 19,21 | 27,37 | 33,75 | 36,97 | 37,42
75 9.56 | 18,73 | 27.34 | 33,81 | 36,94 | 37,24

L N Y
»

NS

PL a5 s0mn. 5 mole/liter
Ny

I3

Fig. 1. Solubility
of ThOz(cr) and
Th(OH)z. at 25 (--=)
and 75°C (—).

Laterite weathering process takes place due to the action of rain water on rocks and
therefore we shall assume that in aqueous solutions of the laterite weathering profile, there
exist in fact only hydroxy complexes of thorium.

The probable reactions between thorium ions in aqueous solution can be represented in
the form of the following equations:

Thé+ + OH- = Th(CH)3*; 1)

Tha* - 20H- == Th(OH); (2)
Th#* |- 30H- = Th(OH);; : _ 3
Thi* + 40H- == Th(OH)?; (4)
Thét 3+ 50H- = Th(OH);; (5)

Thé* 4 60H- = Th(OH)%. (6)

The equilibrium constants of these reactions have been calculated from [6, 11] and are
given in Table 1. The equilibrium constants of reactions (3)-(6) at 50 and 75°C are calcu-
lated by the equation proposed in [12, 13] for estimating the instability constant of the
complexes at elevated temperature. When calculating the constants by this equation, we shall
assume that rThet+ = 1.10 2 (1R =10"° m); rop~ = 1.40 &; aoH- = 2.04:1072* cm® [14]; €323k =
69.78 and-es4eK = 62.13 [5].

The total content of thorium in aqueous solution can be expressed as the sum of the
molarity of all its ions:

rhomi T Prnomg + Menoms + pnom?2 -
Assuming the total thorium content to be unity, and expressing the molarity of all thor-

ium ions in terms of the molarity of every single ion, for example by mThu+s mgy~ by K/
myt (whereKw is the ionic product of water), and equating mTh(soln) to unity, we obtain

Zmrn(soln, ) == MTht+ + Mrnomy+ + mTh(OH)? +m

§ KK},
zm'rh (soln.) =1=mrne (1 + 2 m‘i{ ) (8)
» i=1 *
243
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TABLE 2. Ratios of the Th Ion Concentrations, Their Percentage Content and the
Solubility of Th(DH), and ThO. in Aqueous Solution at 75°C

pli
Compound-
3 . 4 5 6 7 8 ] 10 i1
Thi+ 0,3038 | 1,7169 | 4,373 | 7,518 | 11,1564 | 15,1089 | 19,1984 | 23,6732 | 28,5723
4.7 71,9 0 0 0 0 0 0 0
Th(OH)%+ 0,4238 | 0,8369 | 2,598 | 4,6318 | 17,2764 | 10,2280 | 13,3184 | 16,7932 | 20,6923
37,7 14,6 0,3 | To 0 0 0 0 0
Th(OH)3* 0,9338 | 0,3469 | 1,003 [ 2,148 | 3,7864 | 5,789 | 17,8284 | 10,3032 | 13,2023
: 11,6 | 45,0 9,9 0.7 K i 0 0 0
Th(OTI) 2,0038 | 0,4169 | 0,073 | 0,2118 | 0,8564 [ 1,8089 | 2,084 [ 4.3732 | 6,2723
4 1,0 38,3 | 8.5 61,4 13,9 1,0 0.1 0 0
Th(OL1)? 95,2138 | 2,6260 | 1,283 1 0,4218 [ 0,0664 [ 0,0180 | 0,1084 | 0,5832 | 14823
_ ! 0 0.2 5.2 37,9 85,8 95,7 77,9 26,1 3,3
Th(OIl); 11,7638 £ 8,1769 [ 5,833 | 3,9718 | 2,6164 | 1,5680 | 0,6584 | 0,1332 | 0,0323
s 0 0 0 0 0,3 3.7 22,0 73,6 92,8
o 21,1438 1 16,5560 | 13,213 [ 10,3518 | 7,9964 | 5,9480 | 4,0384 | 2.5132 | 1.4123
Th(OH)2
. 0 0 0 ) 0 0 0 0,3 3,9
—l°8CTh(soln.)' mole /liter: » . :
Th(OH),(cr) 2,07 4,65 6,00 6,86 7.21 7,26 747 1.0 6,7 5,8
ThO, (thorianite) 9,24 11,82 | 1347 | 14,03 | 14,38 | 14,43 | 14,34 | 13,87 | 12,97

TABLE 3. Free Energy of Compounds —AGgry,

kJ/mole
Compound 25°C 50°C 75°C
The 723,87 720,78 717,58
Th(OH) 938,79 932,12 925,97
Th(OH)* 115206 | 1141,87 | 1131.70
Th(OH)} 1353,52 | 1343,48 | 1333.71
Th(OR)g 1546,99 | 153410 | 1521.54
Th(OH); 1723,39 | 170516 | 1687.01
Th(OH)3- | 188011 | 1857,22 | 183363
OH- . 157,28 - 151,13 144,64
H,O (liq.) 237,19 233,13 229,16
Th(OH), (cr) 159909 | 158456 | 1570.04
ThO, (cr) 169,15 | 116432 | 1159 51

The solution of Eq. (8) for 25°C is given in [6]. Here, we shall carry out the éalcu—'
lation of the behavior of thorium in aqueocus solution according to the data of Table 1: ° :

for 50°C
ZMrncsotn, =+ 1 = Mepner (11107353 /myg, 4+ 10778/ miys 4+ 10712.4/miys +-10719.28/mip, 410723/ mpe +10742.82/miz.);
, ‘ (9)
for 75°C
Zmrncsotn.s =1+ Maues (1 4- 10392/ s + 107993/ mig, 10719 /miy, 110769 /my, 4 102545/ sy, 1 107353 /m8y.) .
(10)

The solution of Eq. (10) for different pH values is given in Table 2, where the negative
common logarithm of the ion content in the solution is given in the numerator, and the percent-
age amount of this ion (with an error of up to 0.1%) in the denominator. The value of the
electroneutrality point is equal to 9,16 at 25°C [6], 8.45 at 50°C and 7.88 at 75°C.

The free energy of Th**, Th(0H) **, Th(oH) 3%, on~, H.0 (1iq.), ThOz(cr), and Th(OH),(cr)
at elevated temperature is calculated from the data of [11]; the values of AGtT of the other
hydroxy components of thorium are obtained by means of the equilibrium constants of reactions
(3)-(6), calculated according to [12, 13], and are given in Table 3.

According to the data of [6], ThO. (cr) is more stable than Th(OH),(cr). The solubility
of thorianite was calculated by the equation '
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Tho,+4H+ Thét 4 21,0, (11)
The equilibrium constant of this reaction will be equal to
K(“) == ATK+ /ai{'r;
lg arner =1g K¢y —4 pH. ’ (12)
At 75°C, the equation for calculation of the solubility of ThO, has the form

lg arhe ::2.46_—4 pH. : (13)

We calculate the solubility of Th(OH),(cr) by the equation ‘
| Th(OH), -+ 4H* = Th#* - 4H,0. as)

The equilibrium constant of reaction (14) will be similar to K(;i) and therefore at 75 C
the solubility of Th(OH),(cr) is calculated by the equation

lg Appss == : 9, 63 4 pH (15)

The solubility of ThO:(cr) and Th(OH),(cr), calculated by Eqs. (13) and (15) (taking ac-
count of hydrolysis of thorium ions in solution), is shown in Table 2 and in Fig. 1.

The data obtained allow the following conclusions to be drawn: the most stable modifica-
tion of thorium — thorianite — in the group of oxides and hydroxides is almost insoluble
in the temperature and pH range of water of the weathering profile;

at elevated temperature, the point of electroneutrality of a thorium solution is dis-
placed into the region of lower pH values;

- thorium dissolved in sea water is found, apparently, in the form of the ions Th(OH)?}

and Th(OH)J, and the latter should predominate,

in the bauxite formation process, the thorium initially formed in the original rocks
must be accumulated, by which also is explained its enhanced coefficient of concentration in
bauxites.,
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LETTERS TO THE EDITOR ‘

EXCITATION OF SURFACE VIBRATIONS OF DROPS
OF A RADIOCACTIVE LIQUID

V. I. Kalechits, I. E. Nakhutin, ' - UDC 539.16.08:532.68
and P. P. Poluéktov

*

It was shown previously [1] that the disintegrations of radioactive materials in the
near-surface region of solid macroscopic bodies accompanied by- the effect of self-sputtering
[2-4] lead to the excitation of natural vibrations, which can be recorded by measuring the
correlation function of the scattered light. Moreover, the ideas presented in [1] may prove
to be useful in the discussion of a drop of liquid containing some kind of radioactive ma-
terial, The emission of fission fragments extracting and removing groups of molecules from
the drop surface is accompanied by the transmission of momenta, which results in the exci-
tation of natural vibrations of the drop shape. Just as in [1], the correlation function of
the scattered light is proportional to <E(t)£(t + T)>, where £ is the deviation of the drop
radius fromthe equilibrium value.

Let the momentum K be imparted to the drop>at the point of emission of a particle (R,, @,
0,), where Ro is the drop radius at the equilibrium position. Then the drop surface is de-
scribed by the equation :

. o 1
R=R,+E=R,} \1] ,V} UmY m €xp (i, -ot),
=1 m=~1

where_w% = yIl(L — 1)(I + 2)/pR3 is the eigenfrequency of the drop vibrations and Ylm are
spherical functions. The motion of the liquid in the drop is determined by a velocity po~-
tential of the form '

o0 1 :
L
V0 0=2 D wim (F) Vim0, 0 exp o,

=0 m-:-1]

The initial equation for the velocity is

4 _’;_ 8% (4,, A)at the point 4, (R,, 0,, ¢,); v;="0 outside the point 4,,
ar -

where the function &*(Ao, A) is such that the integral
ga* (Ao. A) f () r® sin 0d8dgdr=/ (R,, 0,, ¢,)at the point A,.

When momentum is imparted to a liquid drop, not only surface vibrations but also body
vibrations will be excited, for which the density (sound waves) increases [5, 6]. However,
we shall consider drops with a radius B> Im (Ip 1is the mean free path of the fission
fragments in the liquid); then transmission of momenta by virtue of fission fragments emit-
ted from the drop and particles absorbed by them will occur only in the near-surface layer

of the liquid with a thickness “lp. In this case one can neglect excitation of body vibra-
tions; therefore they are not discussed below.

Taking account of coupling on the surface £ = 3y/3r, we obtain from the relationships
given above after standard calculations that when the momentum K is imparted to the drop at
point Ay at time t = T vibrations of its surface are excited: '

A oo 1
1+ KY im (0¥ .
Rir, 0, ¢, t)=Ry+ D) D) ‘p,fg(,,l,,?’,;‘:‘,,z'“ sin oy (£—7) 1 (¢—1) exp {By (1)),

I=1 m==--]

where the function n(t -~ 1) takes into account the fact that R = Ry fort <t Yimm = Yy (4o);
and l|Yy, | is the norm of the spherical function. The exponential function describes the
damping of the shape vibrations with the coefficient BZ.

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 4, pp. 224-225, April, 1984. Original
article submitted November 22, 1982, : .
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If the disintegrations occur with equal probability at arbitrary points of the surface
layer of the drop, the momenta Ki are imparted to the drop at the times ti at the points (R,
0;, ;). Using the computational procedure previously outlined [1], we obtain for the correla-
tion function Z(t) = <E(t)E(t + 1)> the expression :

1 1422 Yim —3 B :
2= oy ,z T )Y,m'n exp (— Py cos ore KECH 0 (b)) oxp [ 2, (s},

where the averaging is performed over the time of emission, the imparted momentum, and the
emission site. for a time much greater than the vibration period of the drop shape and the
damping time ~B7' (assuming o;> ). Let no atoms of the disintegrating material be contained
in unit volume of the drop; then the number of dls1ntegrations accompanying the transfer of
momentum to the drop per unit time will amount to

b 4J'LR‘,[m o

2 Ty
where T;/2 is the half-life and b is a geometrical factor which takes account of the ratio of
the fission fragments emitted outwards to all the disintegrating atoms (for a~decay b = 0.5).
Then after the calculations of the expression for n we f1nally obtain, similarly to [1], for
the correlation function

bl 7oK} (1 z) Yim®, @)
PRB Tyl (=1 P (—firo) cosors 2 WY iml

mez= -]

Z ()=

Let us estimate the expected amplitude of the vibrations in the shape of a drop 100 um
in radius of a 0.01% aqueous solution of *““CmCls. The half~life of 2““Cm is 17.6 years; the
emitted a-particles have an energy of 5.8 MeV and a momentum K = 0.88:107'“ gecm/sec. How-
ever, since each fission fragment emitted outwards carries away up to 10® atoms of the matrix
[3], a momentum K; ~ V2ME is imparted to the drop in this case (where M is the mass of the
fragment), which is accordingly equal to ~10™'° gecm/sec. Let us consider the fundamental
(1 = 2) vibrations in the drop shape. Their frequency amounts to w: ~ 3.8 kHz with a damping
B, ~ 10. The number of disintegrations accompanying the emission of particles is m10’ ¢t
for the indicated drop sizes. Then we obtain

Zy (t) &~ 107 exp (—0.17) cos w,T [cm?)

‘for the correlation function. Thence the maximum amplitude of the vibrations (at the time
Tt = 0) will be equal to VZ;~ 3-10-* cm, i.e., approximately 10° times greater than the amplitude
of the thermal vibrations of the drop [7].

Thus, by recording the correlation function of the light scattered by the vibrations in
the shape of a drop containing disintegrating radioactive material, one can determine both |
the frequency and the damping time of the vibrationms (consequently, the geometrical sizes of
the drop and the physical parameters of the material) and the characteristics of the radio~
active disintegration (the average momentum of the fragments E}; the content of unstable atoms
ne, etc.). The appreciable amplitude of the shape vibrations will permit avoiding experimental
difficulties when making such measurements. -The proposed procedure can be generalized to
the case of a flat liquid surface. The ideas presented can be taken as the basis of a con-
tact-free method for the determination and monitoring of the activity of solutioms.
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HEATING OF THE FOCUSING OPTICS OF LASER THERMONUCLEAR -
REACTORS BY X~RAY RADIATION FROM THE TARGET

N. I. Belousov, P. A, Grishunin, ' UDC 621.039.6:537.531.9
V. I. Subbotin, and V., V. Kharitonov ‘

The output elements of the focusing system of a laser thermonuclear reactor (lenses or
mirrors) will be subjected to the thermal action not only of the laser radiation initiating
the thermonuclear reaction, but also of products of the explosion of the target: neutrons,
x-ray photons, charged particles, and shock waves [1-3]. However, due to the low penetra-
bility of low-energy x-ray radiation from the thermonuclear target and the short duration of

the pulse (107''-107*° sec), its thermal action will be most dangerous [4-6]. '

The energy from the x-ray pulse absorbed by the focusing elements can exceed by factors
of 10 the energy absorbed from the laser radiationm. According to [4], the x~ray radiation
spectrum of ‘thermonuclear targets falls between the spectrum of a blackbody with a tempera-
ture of 0.1-5 keV (depending on the energy of the explosion and the composition and mass of
the target) and the spectrum of Bremsstrahlung from completely ionized hydrogen plasma with
a temperature of tems of keV. Thus the most probable region of energies of x-ray photons
absorbed by the optics is 100 eV-100 keV. Here, the dominant mechanism for absorption of
x-ray radiation in the material is the photoeffect on atomic electrons.

Under the assumption that the attenuation of the flux of photons with energy ¢ at a
depth x obeys an exponential law exp(—u(e)x), we calculated the values of the mean free path
of photons 1/u for a number of optical materials. 1In the calculations we used the total
cross sections for interaction of X~ray radiation with separate elements, taken from [7].
The results of the calculations are presented in Fig. 1.

With exponential attenuation of radiation in the material, the heating of the surface
S of metallic mirrors or transparent lenses by an x-ray pulse with total energy E, spectrum
W(e), and duration t will constitute [5] '

oo

__E RG] Wt 20 N S a
AT = Sp(,'l'. 5 u* (“ erle u-p V1 1) W) d, o W
- _ ' ] . . ) .
where u(e) = p(e)vat is the ratio of the distance over which the heat diffuses vat and the
mean free path of photons 1/u;: ¢ = K/pCp is the thermal diffusivity; p is the density; Cp is
the heat capacity; K is the thermal conductivity; and the spectrum of radiation is normal-

ized to 1, i.e., S W (e) de = 1.
_ 0 :

Taking as the upper limit of the temperature of .the surfaces of mirrors or lenses the
melting temperature of their materials, we can determine from Eq. (1) the maximum possible
energy density E/S of the x-ray pulse, absorbed by the focusing optics. It is useful to ex—
press this quantity in terms of the most important parameters of the target: E7, the energy
of the laser pulse; Q, the energy gain in the target; v, the fraction of the energy of the
explosion converted into x-ray radiation; and the focal length F. Then :

EIS =y Qamb?, ' (2)

From expressions (1) and (2) we find the minimum focal length as a function of the parameters
of the thermonuclear target, the spectrum of the x-ray radiation, and the physical properties
of the materials of the focusing optics:

YHIQ__“

Fo= '/'l e 3 ne) (L‘u?‘ erfe u-}- :7”5—1 ) W(e)de. B 3

ATpC | AT u*
]

Here [AT].is the maximum admissable heating of the surface.

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 4, pp. 225-226, April, 1984. Original
article submitted February 21, 1983,
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Fig. 1 " Fig. 2

Fig. 1. Dependence of the mean free
path of x-ray photons on energy: 1)
quartz (Si0z); 2) copper; 3) ThF..

Fig. 2. Dependence of the minimum ad-
missable focal length of a quartz lens
(1), copper mirror (2), and a mirror

with a coating made of ThF, (3) on the
temperature of the x~ray spectrum: —)
shows thecalculation forunshielded op-
tics; —=-) shows the calculation with
shielding by xenon pressurized at 25 Pa. -

Figure 2 shows the dependences of F on the temperature of the spectrum Ts for a copper
mirror, quartz lens, and a reflective coating made of ThF, with an energy of 500 mJ in the
explosion, an x-ray yield of y = 5%, and pulse duration 10~ '1 sec, obtained from the formula
(3)e In .the calculations we used the radiation spectrum of a black body W(Tg, €) with temper—
ature Ts. In the case of low-energy x-rays (Tg<1 keV), characteristic for structured targets
[4, 6], the focusing elements must be separated from the latter by a distance of several tens
of meters. It should be noted that the use of long~focal-length optics in laser thermonuclear
fusion is problematical due to the relatively hlgh divergence oftheradiation from powerful
lasers [1].

For thermal shielding of thefirst wall and of the focusing optics of the reactors, it is
proposed [2, 3] that gases with comparatively high atomic numbers, for example, xenon, be
used. The pressure of the gas must be low enough to avoid its breakdown by the laser radia-
tion and to decrease scattering by density fluctuations. Helium and neon have the highest
thresholds for laser breakdown [3, 6]. However, the absorption of x-ray radiation by these
gases is small, ' For this reason, xenon is the optimum gas to use for gaseous shielding., The
focal length of the output optics in this case can be determined from the solution of the
transcendental equation cobtained from expression (3) by substituting into the integrand the
fraction of the radiation passing through the gas exp[—ugas(e)F] ‘The use of gaseous shield-
ing from low-energy x-ray radiation (see Fig. 2) lowers the heating of theoptics and decreases

the focal length by a factor of 2-4 For high-energy x-ray radiation, however, such shield-
ing is ineffective.
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AN EVACUATED EMISSION DETECTOR WITH EXTERNAL SUPPLY
SOURCE FOR RECORDING y RADIATION IN NUCLEAR REACTORS

Se V. Chuklyaev and 0. I. Shchetinin ' UDC 539.1.074.8

Evacuated emission detectors [1, 2] are widely employed for recording ionizing radia-
tions. During the interaction of y radiation with matter, fast electrons are generated and,
while they are slowed down inside a material, form slow secondary electrons with an energy
<50 eV. The number of the secondary electrons per unit dose is independent of the energy of
the primary radiation. Part of the slow secondary electrons which are generated in a n1+10~%-
cm-thick surface layer of the emitter material pass into the interelectrode detector space
and are collected on a collector by an applied electric field. It has been shown in [3] that
at a y-radiation energy in excess of a few kiloelectron-volts, the dose rate is practically
constant throughout the near-surface layer of the emitter material and the detector signal is
proportional to the rate of the dose absorbed in this layer.. Since the time constant of the
generation and exit of the slow secondary electrons is small and does not exceed 110 ** sec
[4], the time resolution at the detector is given by the time of electron collection at the
collector and amounts to ~1+10”° sec. The amplitude characteristic is linear up to radiation
dose rates of A1+10® rad/sec (1 rad = 0,01 Gr). The detectors described below are promising
for measurements of the time'depgndence of the dose rate produced by the Yy radiation of
pulsed nuclear reactors and high-power accelerators [5].

We consider in the present work the design of an evacuated emission chamber with a stain-
less steel emitter of slow secondary electrons. Stainless steel is a technologically suitable
material for manufacturing such detectors (because stainless steel can be mechanically worked
and welded); in addition, high vacuum can be maintained for a long time in stainless steel
vessels., The material is characterized by a stable emission of slow secondary electrons un-
der the influence of nuclear reactor radiation.

The detector comsists of two plane-parallel electrodes mounted in a cylindrical housing
with a wall thickness of 0.8 mm and an outer diameter of 50 mm (Fig 1). Each electrode is a
set of five or six disks with a diameter of 44 mm and a thickness of 0.4 mm. The disks carry
on their periphery protrusions, "tongues," which in the assembly of the secondary emission
chamber enter into openings of carrier posts, and are bent and soldered to the posts by elec-
tric spot welding. The openings in the posts are situated so that a 1.6-mm gap is maintained
between the disks of opposite electrodes. Each disk of one electrode is located between two
disks of the other electrode. The total sensitive surface area of the electrodes is always
125 cm®. The posts of opposite electrodes are insulated from each other and from the housing
by supporting insulators made from the high~aluminous VK 100-2 ceramic. The insulators are
inserted into special recesses in the detector flanges. The posts are connected by conductors
with corresponding standard cermet current leads welded into one of the flanges. All metal .
components, except for the kovar bushings of theinput leads, are made from 12Khl8N10T stain-
less steel which is widely employed in reactor technology. '

In order to maintain the required residual gas pressure during storage and use of the
detector, the flange portion of the detector contains a KNTsTs-16 gas absorber which cannot
be evaporated. In order to maintain stable readings of the secondary electron chamber during
its use, the emitter surface is prepared with great care. The emitter surface was carefully
cleaned, annealed in vacuum at 900°C, and chemically etched; the detector was evacuated in
a vacuum furnace at 450°C to a pressure below 1+10~° Pa, Changes in the yield of slow second-
ary electrons from the emitter are usually caused by changes in the structure of the surface
layer or its work function [6]. Structural changes in the surface layer or its destruction
are often observed in emitters coated with oxide film or having foreignmaterials adsorbed on
the emitter surface., In these materials, the emission is with great probability increased
by an external electric field. '

Translated from Atomnaya ﬁnérgiya, Vol. 56, No. 4, pp. 226-228, April, 1984, Original
article submitted February 28, 1983, : '
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Fig. 1. Scheme of
the evacuated emis-
sion chamber: 1)
supply source; 2).
input leads; 3) .
housing; 4) emit-
ter; 5) collector.
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Fig. 2. Saturation
characteristic of
the evacuated emis-
sion chamber (at
'V > 30 V, the slope
of the curve is
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Fig. 3. Energy distribution of
the slow secondary electrons emit-
ted from stainless steel under
the influence of the y quanta of
a °°Co isotope source: -——) Max-
well distribution with the maxi-

. mum at 1 eV; O) experimental re-
sults.

The emission of slow secondary electrons from the emitter surface was studied through
the detector saturation characteristic (Fig. 2) obtained with a °°Co y quantum source. It
follows from the theory of vacuum chambers [7] that the saturation characteristic Q(V) of a

secondary emission chamber with plane-parallel electrodes made of a single material is given
by the formula

v o0
~Q (V) =*Q (V) ;;LDV’”'_[ S_N(E)dE+ S’%N () dE] ,

{N(FyaE 0
0

where Dy denotes the averaged radiation dose absorbed in the material of the electrodes; k
denotes the number of slow secondary electrons emitted from a unit electrode area when the
unit dose has been absorbed; V denotes the potential difference between the emitter and the
collector; E denotes the energy of the slow secondary electrons; N(E) denotes the density of
the energy distribution of the slow secondary electrons; e denotes the electron charge; and
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S denotes the electrode surface area facing the sensitive volume of the vacuum chamber. The

signs + and — at Q denote the polarity of the voltage applied to the secondary emission cham-
ber. ’ - ' ‘

It follows from the above equation that

14 a>=Q(V
NB)y=—<xp d(bé L,

The above formula and the saturation characteristic shown in Fig. 2 were used to obtain the
energy distribution of the slow secondary electrons emitted from stainless steel subjected

to the vy quanta of the °°Co source (Fig. 3). The average electron energy in the distribution
was 5.6 eV, This distribution approximately coincides with the distributions which were
given in [8] for lead, copper, tin, aluminum, and carbon. This means that no abnormal emis-
sion mechanisms occur in the case of stainless steel to which an electric field is applied.

The sensitivity of the secondary emission chamber to the vy radiation of the °°Co source
was determined at the maximum of the saturation curve (V=150V) and is (5.9 # 0.4).10"'?
C/rad. The signal contribution resulting from fast electrons to the total signal does not
exceed a few percent., While the detector was used for two years on a pulsed nuclear reactor,
detector sensitivity changes were not observed. Since stainless steel does not contain ele-
ments with a low work function of slow secondary electrons, noticeable semsitivity changes
due to diffusion of atoms in the surface layer of the emitter must not be expected during the
use of the detector under laboratory conditions. :

The sensitivity of the secondary emission chamber to fast neutrons emitted by nuclear
reactors is ~1+10"2° Ceem®/neutron and, hence, the detector signal resulting from the neu-
trons does not exceed a few per cent when the ratio of the Y component to the neutron compo-
nent of the radiation field is 4.10° neutrons/(cm®+rad).

This design of the secondary emission chamber allows measurements of the time dependence
of the dose rate generated by the y radiation of a pulsed reactor; the accuracy is better
than 10%. The errors result mainly from the error made in the determination of the sensi-
tivity, the contribution of signals produced by fast electrons and fast neutrons to the de-
tector signal, and the error produced in the detector signal recording by the oscillographic
recording equipment. : .

We thank, inconclusion, M, G. Mitel'man, Ph.D. in engineering, who made several valuable
comments on the present work. :
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INFLUENCE OF y-QUANTUM SCATTERING UPON THE DEVELOPMENT
OF THE RADIATION FIELD OF A COBALT ISOTOPE UNIT

V. F. Zinchenko and M. N. Lebedev ' : UDC 621.039.8:539.122.08

At the present time y units with $9co isotope sources are widely employed in research
in various areas of radiation biology and chemistry, in dosimetry, and in investigations of
the physics of radiation damage to materials and electronics components. In many cases a
correct interpretation of the results of irradiation tests on various objects necessitates
reliable information on the energy spectrum of the y radiation of the unit; the contribution
of the y quanta scattered in the components of the unit and the objects in the neighborhood
must be taken into account. Since information on the low—-energy part of the spectrum result-
ing from scattered quanta is not available, a rather large error can be made in the calcu-
lation of the spectra of the linear energy losses of secondary electrons, calculation of the
v radiation energy absorbed in materials with medium and high atomic nymbers Z and in hetero-
geneous compositions near the boundaries of various materials. For example, it has been
shown in [1] that when the scattered gamma quanta of a cobalt isotope unit are taken into
account, the energy absorbed within 100 um from a gold—aluminum interface is increased by a
factor of 1.5 relative to estimates made for the nonscattered radiation with the energy Ey =
1.25 MeV.

The published experimental work [2, 3] attests to the noticeable contribution of scat-
tered ®°Co quanta to the development of thespace and energy dependent features of the y-
radiation field, which is strongly influenced by the design details of the particular isotope
unit. The goal of the present work is therefore to provide a detailed computational investi-
gation of the scattered y radiation of a typical cobalt isotope unit used for various investi~
gations in radiation physics wherein the real geometry of the source and of the experimental
hall is taken into consideration. o '

Let us briefly consider the design features of the unit. The main component of the unit
is the irradiator in the form of a hollow steel cylinder of variable diameter with a thin
wall; the cylinder is placed on a solid brass support (see Fig. 1). Sixteen steel tubes (wall
thickness about 2 mm) are uniformly distributed over the inner side of the irradiator peri-
phery. Four standard GIK-7 600, cobalt sources are mounted inside each of the tubes into
which they enter from a storage compartment; the activity of a source is 7.2:10"® Bq. The
unit is mounted in an experimental compartment which is a rectangular room with monolithic
concrete walls, : '

From this geometry one can draw the a priori conclusion that the large quantity of iron
components must render a significant contribution of scattered Yy quanta to the space and
energy characteristics of the radiation field of the unit. Obviously, since the geometry is
complicated, statistical testing is the best way of obtaining the characteristics. There—
fore, in the present work the computational studies were made with one of the modifications
of the method numerically practiced in the FASTER program [5]: The program makes it possible
to calculate the flux components of the y quanta in accordance with the order of scattering
in any three-dimensional geometry for given pointlike surface or volume sources; various
scalar flux quantities (dose rate, angular and spatial moments of the distributions, etc.)
can also be computed. One of the advantages of the FASTER program is that optimal weight
functions are used to select the values of the spatial and angular variables of the y-quantum
sources. 1In this way the dispersion of the calculated characteristics of the y-radiation
field is substantially reduced. ’ E

‘When the weight functions are selected, the "'weight" of both the primary y quanta of the
source and the y quanta multiply scattered by the components of the unit is taken into ac-
count in the quantities characterizing the radiation conditions at a particular point:

Dy ()= S §(Ey) @y (v, Ey) dEy,

Translated from Atomna&a fnergiya, Vol. 56, No. 4, pp. 228-230, April, 1984, Original
article submitted April 22, 1983,
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Fig. 1. Geometry of the cobalt unit:
1) 16 tubes; 2) concrete; 3) steel com—
ponents (all dimensions are stated in
millimeters).

where f(Ey) denotes a function accounting for the dependence of a contribution to Dy(r) upon
the vy quantum energy; and ¢M(r, Ey) denotes the energy spectrum obtained for the y quanta with
M-fold scattered quanta taken into account in the computations., The exposure dose is usually
adopted as the reduced quantity,

This approach makes it possible to estimate the multiplicity Mo of y-quantum scattering
at the surrounding objects and the structure of the unit above which it is meaningless to
follow the trajectory of y quanta because the contribution of the scattering with M > M, to
the above quantity is negligibly small. The corresponding addition DM>M, (T) was estimated

in the single-~velocity approximation with the "point nucleus" technique [5].

Let us also note that the coordinates of the primary y-quantum source (coordinates in
space, angular coordinates) were selected with proper regard for the relative "weight" of
the variability limits of the angular variable, the attenuation of the radiation in the
building materials, and self-absorption in the source. Thus, the correct use of the entire
set of parameters of the random ensemble makes it possible to reach rather high precision
with relatively short times of computer calculations., More particularly, the time required
for working through one version (~3000 histories) is ~1 h on an ES-1022 computer for the '
unit under consideration, when the structure of the unit is subdivided into 64 zones. The
averaging made in the calculation of differential parameters of the y-radiation field is 10%.

Calculations have confirmed the above conclusion that the Y-radiation spectrum of the
unit is considerably softened in comparison with the nonscattered radiation. Figure 2 illus-
trates the results of a calculation of the energy density ¢ (£,) of the y-quantum flux in a
particular multigroup approximation for the irradiator diameter d = 390 mm and at various
points of detection. The error in the calculated grouped fluxes of the y quanta ‘is 10% near
the maxima and 20% near the minima of the function ¢ (£,).

The main contribution to the scattered component of the y radiation originates from
quanta scattered in the sources, the irradiator, or from the walls, and also from the brass
support. The contribution of the scattered radiation to the total flux increases toward the
wall and reaches v50-60% at a point in the immediate vicinity of the wall. It was established
in an analysis of the results in which the scattered radiation of first and higher orders
was included that the singly scattered y quanta significantly contribute to the o (£, distribu-
tion. The flux density of singly scattered y quanta decreases with decreasing Ey. The charac~
teristic maximum at ry~ 0,15-0.25 MeV seems to result from multiply scattered radiation, as
put into evidence by an examination of the results,
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TABLE 1. Average Radiation Energy (MeV;

numerator) and Contribution (Z) of the

Scattered Radiation (denominator) to the
Total y-Quantum Flux as Functions of the
Distance from the Center of the Irradiator
for Various Irradiator Diameters

R, mm
d, g -
mm 0 80 300 700 1700 2100
a0 | 087 | 0,86 | 0.8 0,89 | 0,82 | 0,77
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Fig. 2. Energy
density of the y-
quantum flux at
various points of
detection on half
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Fig. 3. Dependence of the expo-
sure dose rate upon R at d = 390
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1aple L 118TS the average energy values

7 {E40 (E,) dE,
U {0 (Ey) By

and the contribution & of the scattered radiation to the total y-quantum flux

@ 100
b= %
( 7T Dpomet Vs )

for various diameters of the irradiator in the direction toward the nearest wall, It follows
from the listed results that. the average energy of this unit is 0.7-0.9 MeV and is practically
independent of the diameter of the irradiator. The error which is made in the determination
of the integral parameters of the y-radiation field amounts to 5-10% (see Table 1).

Since experimental information on the y-radiation spectra of the isotope unit under con-
sideration is not available, the calculated integral dose quantities were compared with ex-
perimental data obtained with the aid of a ferrosulfate dosimeter (see Fig. 3). The results
coincide within the error limits of the calculation and of the experiment. This is an indi-
rect confirmation of the validity of the calculated differential characteristics of the y-
radiation field. _ : '

Our investigations have therefore shown that the scattered Y quanta are important in the
development of the radiation field of a cobalt unit. These results must obviously be taken
into account in precision dosimetry, radiobiological investigations, and other research in
radiation physics when radiation fields of similar isotope units are present,

We thank E. B. Brodkin for the help in making us familiar with the FASTER program and
M. B. Moshchevitina for her collaboration in compiling the experimental information,
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ESTIMATE OF THE CORROSION RESISTANCE OF CHROME-NICKEL
STEELS IN MOLTEN FLUORIDES

V. B. Kirillov, I. E. Lyublinskii, : UDC 621.039.6:621.039.53
and N, M. Beskorovainyi

The alloy LiF—BeF; (Flaib) is considered as one of the possible coolants for the blankets
of a thermonuclear reactor [1], in connection with which there arises the necessity of selec-
tion of corrosion-resistant structural materials, exceeding steel 1Kh18N10OT in this respect..
For the direct determination of the corrosion resistance of structural materials in an alloy
of fluorides, as is well known, prolonged and laborious experiments are necessary, and there=-
fore it will be advantageous to preliminarily assessprospective materials. As is well known
[2], corrosion of 1Kh18N1OT steel in a fluoride alloy is determined by the conversion of
chromium in the alloy according to the reaction

mCr (oolid soln.) T2MFm g ) == mCrFa s ) +2M (150 5. (1)

As the interaction of the alloys with corrosive media is characterized by the thermo-
dynamic activity of the components, it is advantageous to use steels, in which the thermo-
dynamic activity of chromium will be less than in 1Kh18N10T steel.

Information about the activity of chromium in multicomponent alloys based on iron is
available only for the system Fe—Cr—Ni at temperatures of=900°C [3, 4]. The method proposed
earlier for determining the thermodynamic activity of the components of alloys, based on the

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 4, pp. 230-231, April, 1984. Original
article submitted May 30, 1983, ' :
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TABLE 1. Chemical Composition of Materials Investigated, mass % .

-~ Steel C si Mn cr Ni ‘Mo Nb Ti B-
| 1Kh18N10T 0,07 1,15 0,50 18,59 10,48 - - 0,49 -
1Kh21NST 0,07 0,66 0,65 20,33 5,55 -~ — 0,41 —
Kh20N1482 0,08 2,43 0,82 19,49 13,67 — So— — .
Kh20N30V5M3 0,04 0.6 |- 051 20057 | 27,64 3,2 1,0 5,4W | <5.10-
0Kh16N15M3B 0,06 0,48 0,43 16,68 15,2 2.8 0,63 - 3-10°%

TABLE 2., Parameters of the Temperature
Dependence [Eq.. (3)] of the Thermodynamic
Activity of Chromium in Steels

Temp,,

Steel iy 4 B
1Kh18N10T - 835—1025 |—2,53:0,18] 2,6640,22
1Kh21N5T 825950 |—1,2730,68) 1,0020,78
Kh20N1452 ©825—975  |—1,3120,29( 1,3020.34
Kh20N30V5M3 825975  |—1,78+0,49] 1.9030,57
0Kh16N15M3B 825975 |—1,930,29] 2,0020,34

. Temp., °C
7050 350 850
A T T T T T
4.6
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06
Q
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E »
3
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L0 g
075 085 495

7097, k'
Fig. 1. Temperature
dependence of the
thermodynamic activity
of chromium in chrome—
nickel steels Kh20N30-
V5M3 (1); Kh20N14S2
(2); OKh16N15M3B (3);
1Kh21IN5T (4), and

~ 1Kh18N10T (5).

high-accuracy determination of the equilibrium solubility of metals in lithium of high purity
[5], gives the possibility of finding the thermodynamic activity of chromium in alloys based
on iron at a temperature of ~800-1000°C [6], and obtaining an analytical dependence in this
way of the thermodynamic activity of chromium on the concentration of elements in the alloys
(C, mass %) and temperature (T, °K), adequately describing the experimental results at a tem—
perature of 825-975°C and a concentration of chromium and nickel of 8-18 mass Z:

lga= —2.15+40.085Ccr + 0.0075C N + 1.345-103/T . ()

Relation (2) allows to a first approximation (without taking account of the effect of addi- -
tional alloying elements) the thermodynamic activity of chromium to be determined in purely
austenitic chrome-nickel steels.

- The results obtained (Fig. 1) for a number of industrial chrome—mickel steels, the
chemical composition of which is given in Table 1, are described by expressione of the type

Iga = A+ B-10%/T. ' (3)
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- ine values Or the constants A and B found by the method of least squares, taking account of

the statistical weight of individual measurements, are given in Table 2,

Comparing the results of the calculation of the thermodynamic activity of chromium ac-
cording to Eq. (2) with the experimental data for different steels, the conclusion can be
drawn that additional alloying of Fe—Cr—Ni alloys on the whole slightly enhances the thermo-
dynamic activity of chromium.

The minimum thérmodynaﬁicvactivity of chromium at a temperature of v1000°C is possessed
by steel 1Kh18N10T, and at 800-900°C by steel 1Kh2INST.
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KINETICS OF THE BEHAVIOR OF SODIUM ACETYLIDE
IN A SODIUM-—MINERAL OIL SYSTEM

Yu. P. Kovalev and N, V. Gavrilova UDC 621.039.534.63

At the present time, sodium is being used as the coolant in the primary and secondary
circuits of nuclear power stations with fast reactors. The purity of the coolant with re-
spect to the many impurities, including carbon, is strictly regulated. One of the potential
sources of carbon is mineral oil, used for lubrication and cooling of the bearings of the
centrifugal pumps which pump the sodium round. An excessive content of carbon in the sodium
can lead to carbonization of the structural materials of the reactor core and, consequently,
to their embrittlement,

It has been established that stainless steels in contact with sodium containing mineral
0il are carbonized to a higher degree than in the case of contamination of the sodium with

. carbon or graphite [1, 2]. During interaction of the sodium with hydrocarbons of a saturated

nature, in addition to sodium-organic compounds, the formation of sodium acetylide is possi-
ble [3], which at a temperature above 500°C becomes thermodynamically unstable in the sodium
[4]. Nevertheless, being an intermediate product of the sodium—oil reaction, it can exist

in the coolant for a time which is sufficient for the carbonization of austenitic steels, in
particular those containing carbide-forming alloying additives. Data about the kinetics of

the behavior of sodium acetylide in sodium are necessary for estimating the transfer of car-
bon from the free surface of sodium in the pump (after oil enters it) into the coolant flow.

The results were published earlier of an investigation of the behavior of gaseous prod-

-ucts of pyrolysis of the oil used in the pumps, in the presence of sodium at 350°-700°C [5].

The results are given in the present paper of a study of the composition of the condensed
phase in the course of the sodiumoil reaction in the same temperature range in ampule con-~

.~ ditioms.

Experiment, A vacuum oil was used for the experiments, represented by a mixture of pa-
raffin—naphthene hydrocarbons of narrow fractional composition. Weighed amounts of previ-
ously dried oil were deposited on the inside surface of small nickel cups.  Sodium of reactor
purity, supplied to a fast reactor type facility, was used in the experiments, Before fill-

ing the ampules, it was purified additionally in a cold trap.

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 4, pp. 231-232, April,Al984. Original

- article submitted June 2, 1983.
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Hermetic sealing of the ampules (nickel tubes with a diameter of 6 and length 60 mm).
‘was effected by crumpling the ends of the tubes and subsequent welding, The volume of the
ampule after welding the ends amounted to ~1 ml. The oil was placed in the ampule together
with the small cup.

The facility for exposing the ampules was a horizontal tubular furnace, in the center
of which was installed coaxially a cassette with ten cells round the periphery. The ampules
were placed in nine cells, and an imitation ampule with a microthermocouple was placed in
the tenth. The cassette, during exposure, was rotated so that mixing ofthecontents of the
ampules took place. »

After removal from the furnace, the ampules were cooled to room temperature,'opened and
placed in a metal reaction flask, equipped with a unit for the entry of water and two noz-
zles for purging the flask with gas. The contents of the ampuls were quenched with water,
The acetylene released by the interaction of the sodium acetylide with water was absorbed-
with the reagent Ilosvaya, the optical density of which was measured on a photoelectrocoulom—
eter. The content of carbon acetylide was found from a calibration graph. Its limit of de-
tection amounted to 0.6 pg and the relative error of a single measurement was 20%. The alka-
line solution after quenching the contents 6f the ampules was treated with hydrochloric acid
to pH = 4~5. Then, the hydrocarbons were extracted with chloroform, which was chosen as the
~ extractant for two reasons: the original oil is completely soluble in chloroform, and the
latter readily extracts hydrocarbons from aqueous solutions with an acid reaction. After
evaporation of the chloroform, the carbon in the samples was determined quantitatively by the
method of high-temperature combustion above copper oxide with potentiometric recording of
the carbon dioxide formed. The limit of detection of carbon in the forms soluble in chloro-
form was 10 ug and the relative error of a single measurement was 15%.

Results and Discussion. In the analysis of the original sodium, neither carbon acetylide
nor carbon in forms soluble in chloroform was detected. The results of the chemical analyses
are shown in Fig. 1. The time of exposure of the ampules, expressed in hours for 350 and
550°C and in minutes for 700°C, is plotted along the abcissa, and along the ordinate axis are
plotted the ratios of the quantity found of carbon acetylide and carbon soluble in chloroform
to the initial quantity of this element in the weighed batch of oil.

‘It can be seen from the figure than on scaling to the carbon introduced, up to 10-20%
of carbon acetylide is formed. The nature of the kinetic curves confirms that sodium acetylide
is an intermediate product in the chain of reactions taking place. Its content increases
relatively rapidly up to a maximum (in less than 30 min at 550°C), and then decreases slowly.
The behavior kinetics of sodium acetylide depends on the temperature. At 350°C (the tempera-
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ture which is characteristic for a sodium pump of a sodium circuit) the content of carbon
~acetylide after 3 h increased and amounted to ~10% of the carbon introduced. The fluctua-
tions of the curve, obviously, are due to errors of the charge, exposure and opening of the
ampules, which is confirmed by the correlated path of the kinetic curve of the content of
carbon in forms soluble in chloroform. At 550°C (intermediate heat exchanger between the
primary and secondary sodium circuits), for this same time a descending branch of the curve
is obtained, and after 2 days the content of carbon acetylide was reduced to 0.3-0.5%. At
700°C (reactor core), the behavior kinetics of the acetylide is determined with a time less
by a factor of 50-60 than at 550°C,

The measurements of the content of carbon in forms soluble in chloroform at 350° and
700°C show that at first it decreases relatively rapidly. Then this content varies slowly
in the range:5-20%, which confirms the reduction of the reaction capabilities of the re-
maining part of the hydrocarbons.

In order to estimate the effect of sodium on the pyrolysis process of oil at 630°C, a
20-min exposure of an ampule not containing weighed amounts of sodium was carried out.
Neither carbon acetylide nor carbonaceous forms soluble in chloroform were found, which con-
firms the total destruction of the oil., This coincides with the data of [6] concerning the
suppression with molten sodium of cracking of hydrocarbons of the paraffin and naphthene
series.

Conclusions, During the exposure with sodium in ampule conditions over 2-3 days at
350-500°C and 1 h at 700°C of mineral vacuum oil, not containing aromatic hydrocarbons, car-
bon acetylide is formed to the amount of ~20% (550 C) scaled to the carbon in the original
oil.

Sodium acetylide, which is an intermediate product, at 550-700°C in the presence of ex-
cess sodium is decomposed, and the change of its content by 1.5-2 orders takes place after
1 h at 700°C and after 2 days at 550°C.
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ANALYSIS OF AN EMERGENCY INVOLVING RUPTURE
OF THE MAIN CIRCULATION PIPELINE IN THE VVﬁR—lOOO

A. I. Boyadzhiev and S. I. Stefanova  UDC 621.039.586

Coolant loss emergencies (CLE) have been examined since 1974 in relation to the design
and licensing of nuclear power stations operating with pressurized-water reactors (PWR or
VVER types) [1, 2]. Such a hypothetical emergency involving failure in the main coolant
pipe has been called a maximal design emergency. Three stages are distinguished: decom-
pression of the first loop with coolant loss, filling of the lower mixing chamber (IMC) with
water from the emergency cooling system (ECS); and repeat analysis for the active zone.

There are many theoretical and experimental studies on PWR [3-5] and VVER-440 [6-8] on
outflow during CLE. During this stage there are heavy mechanical loads on the equipment
within the containment over a millisecond period and large thermal loads on the fuel pins
over intervals of seconds. There should be no damage to the equipment within the containment
‘as a result of the deformation of the fuel-pin cladding, nor should there be any substantial
blocking of the flow cross section in the core that could lead to meltdown in the subsequent
-stages. The thermal stresses on the fuel cladding are due to the heat—transfer crisis dur-
ing the coolant stagnation, which may occur at thisstage from pump overshoot in the forward
direction and in the reversed direction because of the pressure fall in the core when the
pipe breaks.

Theoretical analysis of CLE in pressurized-water reactors may be based on various compu-
ter programs, of which the best-known are RELAP 4 in its various forms [9-11] and the programs
BRUKh, TECh', etc. Here we consider CLE in a VVER-1000 due to failure in the Du850 main cir-
culation pipe at the inlet near the reactor. We use the RELAP 4/MOD 6 program as the most
thoroughly tested and as suitable for analyzing CLE. The study has been made in relation to
the proposed construction of nuclear power stations containing VVER-1000 in Bulgaria.

In the RELAP 4/MOD 6 algorithm, the first loop is slpit up into 35 control volumes and
45 links between them (see Fig. 1 in_the paper by Boyadzhiev and Stefamova "Shock loads on
units within the containment in the VVER-1000 in the initial stage of an emergency involving
failure in the main circulation pipeline," this issue, p. 264). The geometrical and thermal
and hydraulic characteristics are then very close to the real ones, The circuit is repre-
sented by two circulation loops: the emergency and combined ones, which includes three un-
broken loops; the core is represented by a single undeformable fuel pin with four energy- )
producing zZones along the height and with the average linear power for the reactor of about’
170 W/cm.

The CLE is cons1dered with the following boundary conditions'

1) failure in the Du850 pipe in the loop to which the volume compensator is connected
will be simulated by links 32, 33, and 34, where at the start (t = 0) link 32 is open and’

~ closes virtually instantaneously at t = 1+10”“ sec, while links 33 and 34 are closed and open

completely in 15.107° sec;

. 2) the change in the relative power production after the start of the CLE is given in
the curve of Fig. 1;

3) the main circulation pumps (MCP) are deenergized within 1 sec after the start of the
CLE, and their overshoot is incorporated'

4) the steam-generating (SG) volumes in the second loop are cut off during the second
second after the start of the CLE;

5) the hydraulic accumulators in the ECS are switched on wvhen the pressure falls in the
upper mixing chamber (UMC) and the lower one to values less than 6 MPa, while the emergency .

Nuclear Research and Nuclear Power Institute, Bulgarian Academy of Sciences, Sofia.
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low-pressure pumps are switched on at 40 sec after the start of the CLE; and

6) the heat flows through the walls of the equipment in the first loop are not incorpor-

~ated because the process is of brief duration.

We now consider the most important results for CLE in the VVER-1000. The outflow stage
lasts about 25 sec until the pressures in the first loop and inside the shield equalize.-
Immediately after pipe failure, critical coolant outflow begins, and as a result the pressure
in the UMC and LMC falls rapidly to the saturation point (Fig. 2) at the initial temperature,

~which causes vigorous boiling in the core and a back pressure. On average, the pressure in
"the loop changes from 16 MPa to about 10 MPa in 0.1 sec, after which it falls slowly. The
pressure in the steam generator (SG) from the second loop rises to about 6.9 MPa because of
the SG shutoff and the heating of the stagnating coolant, and then falls somewhat because
of the cooling in the first loop.

The coolant flow rate through the core varies during the first 5 sec; the sharp pressure
fall and the boiling lead to a heat=transfer crisis and a temporary temperature rise in the
fuel-element cladding (Fig. 3). At 5-15 sec after the start of the CLE, the back pressure
in the core exceeds the reducing pressure from the decelerating pumps in the combined loop,
so the flow reverses, which leads to a temporary improvement in the fuel-pin cooling. After
15-20 sec, although the amount of heat accumulated in the fuel is comparatively small, the
coolant flow rate in the core becomes close to zero, so a heat-transfer crisis arises again
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at the fuel-rod surfaces. Therefore, at the end of the outflow stage, the temperature of the
. fuel and cladding tends to settle down, while the heat-transfer coefficient stabilizes at ‘
the level of 100 W/m? <K,

The calculations imply that during the CLE in a VVERPIOOO, the medium—-power rods do not

attain either the melting point of the fuel (about 3000°K) or the critical temperature for

7.

8.

90‘

10.

11.

12,

the onset of plasticity in the zirconium cladding (about 1000°K).
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SHOCK LOABS ON UNITS WITHIN THE CONTAINMENT
IN THE VVER—lOOO IN THE INITIAL STAGE OF AN EMERGENCY
INVOLVING FAILURE IN THE MAIN CIRCULATION PIPELINE.

A. I. Boyadzhiev and S. I. Stefanova ' UDC 621.039,586

There are many experimental and theoretical studies on the shock loads on equipment
within the containment arising from pressure fluctuation at the start during a cooling-loss
emergency (CLE) in pressurized-water reactors. The most interesting experimental results
have been obtained in the Federal German Republic with the HDR system [1] and in Czechoslovakia
[2]. Three-~dimensional theoretical studies have been described in [1, 3, 4], and one-di-
mensional ones in [5-8]. 1In [1-4], studies have been made on the general aspects of the in-
teraction between the coolant and the equipment when shock loads occur, Estimates have been
made [5-7] of the shock loads for the VVER-440 on the basis of the BRUKh and TECh' codes.,

A good survey has been given [9] of computational models in this area,

nge we estimate the shock loads occurring on failure of the main circulation pipe in
the VVER-1000 by means of the RELAP4/MOD6 program [8]. Figure 1 shows how the circuit is
divided into individual volumes. We consider the situation at 0.25 sec after the failure,

when there are large pressure fluctuations.

Figure 2 shows the changes in pressure and coolant flow rate in the second volume,
while Fig. 3 shows the pressure differences between input to and output from the core and at
three points along the height of the thermal shield (AP o, APy 2-3, AP;2-4). The ampli-
tudies of the shock loads vary from 0.6 to 2.8 MPa. It has been found [1, 6, 10] that the
calculated pressure pulsation is substantially influenced by the division of the circuit into
control volumes and by the time required for the fault to open up. If there are more than
29 such volumes, there is only a minor error in calculating the maximum amplitude. In our
case the number of volumes is 35. The time for complete failure was taken as 0.015 sec on
the basis of the studies and recommendations of [1, 10].

- Figure 4 compares our results on the pressure differences between input and output of
the reactor with experimental values obtained on the HDR reactor [1] and with approximate
calculations for the VVER-1000 {5]. The pulsation frequencies are approximately equal, and
-an interesting point is that they coincide with the frequency in analogous calculations for
the VVER-440 [5, 7]. However, the amplitudes differ substantially., The maximum amplitude
in the experiment was about 1.1 MPa, while in the RELAP calculations it was 2.8 MPa, or 7.0
MPa in the BRUKh ones. The coolant does not boil within this time interval, so the differ-
ences cannot be explained in terms of the vapor, which influences the speed of sound. One
of the reasons for the differences in amplitude is evidently that the calculation model is
one—dimensional, and it is impossible to incorporate the asymmetry in pressure wave propa-
gation in the ring channel in the outlet part in the reactor. Another is that the computa-
tional model assumes inelastic interaction between the coolant and the units within the re-
actor, whereas in the HDR experiments it was possible for small axial and radial shifts to
occur within the reactor pit, which had a damping effect. The differences in the amplitudes
given by the BRUKh and RELAP programs (Fig. 4) may be ascribed to the BRUKh calculations
being in the nature of estimates, with an inadequate description of the geometry within the
containment,

These data on the pressure pulsations at the start of an accident involving pipe fail-
ure in a standard VVER-1000 can be used as initial data in evaluating the stability of in-
ternal units by this method. '

Nuclear Research and_Nuclear Power Institute, Bulgarian Academy of Sciences, Sofia.
Translated from Atomnaya Energiya, Vol. 56, No. 4, pp. 234-235, April, 1984, Original arti-
cle submitted June 14, 1983,
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77} Volume

A Link

Fig. 1. Scheme for splitting up the first circuit. Volumes:
1-4) core; 5, 14) volume from the end of a fuel-pin sheath
to the end of the fuel pins; 6) upper mixing chamber; 7) in-
tertube space; 8) bypass zone; 9) volume compensator; 10)
link from volume compensator to circuit; 11) reactor inlet;
12) descending part; 13) lower mixing chamber; 15, 23) tube
from reactor outlet to inlet to steam generator; 16, 17, 18,
24, 25, and 26) steam generator on first-circuit side; 19,
27) tube from exit from steam generator to pump; 20, 28)

- pump; 21, 22, and 29) tube from pump exit to inlet to reactor;
30, 31) steam generator on second-circuit side; 32, 34) col-
lector at inlet to steam generator; 33, 35) collector at
steam generator exit., Links: 19) safety valve in volume
compensator; 32-34) links for simulating failure; 35, 36)
steam generator feed; 37, 38) output from steam generator;-
39, 40) safety valve on steam generator; 41) feed to active
part of emergency cooling system (pumps); 43, 45) feed to
passive part of emergency cooling system (hydraulic accumu-
lators). ' :
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Fig,., 2. Pressure (éolid line) and’
flow rate (dashed line) of coolant
in second volume.
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NEUTRON ENERGY SPECTRA IN BFS CRITICAL ASSEMBLIES"

V. V. Vozyakov, E. N. Kuzin, : _ UDC 621.039.51
and A. V. Shapar'

A comparison has been made [1] of calculated and observed neutron energy distributions
for some BFS critical assemblies. This continuing study deals with six new compositions
realized with the BFS. Two of them (BFS-24 and BFS-39, Table 1) simulate large power reac-—
tors, while the others have been examined in relation to the constant problem. The energy
spectra measured by the time-of-flight method have been corrected for the subcriticality,
the neutron leak into the outgoing channel, the presence of an external source, the flux
anisotropy, and the heterogeneity of the medium (Table 2).

One can derive the overall error in the measured values and the error matrix [2, 3] by
-examining the error components in the time-of-flight method (i.e., for E < 200 keV) and in
measurements with proportional counters (E = 1-1200 keV). In the scintillation spectrometer
range (0.8-10 MeV), the error was determined in additional experiments on the well-known
spontaneous fission-neutron spectrum of *32Cf [4]. The errors were estimated for a group de-
composition of the energy scale (Table 3).

The spectra were calculated by means of the programs in the "Spektr" suite, which imple-
ments a numerical method [5] of solving the moderation equation for an infinite homogeneous
medium by means of a specialized nuclear-data library [6]; the effects of neutron diffusion
on the spectrum are incorporated in the harmonic approximation by introducing the material
parameter B?. The specialized working library has been generated at the Nuclear Data Center
on the basis of cross—section libraries and contains a pointwise représentation of the neu-
tron cross sections (total, absorption, radiative capture, fission, and inelastic scattering)
at 14,000 nodes in a nonuniform energy net. The presence of a single net for all isotopes
91mp11fies the logic in solving for the neutron moderation ‘and saves computer time because
the nuclear data are in a standard format suitable for calculations on any composition. The
number of nodes and the disposition of them are specified from thé conditions for minimal
distortion of the resonant-structure description (<0.5%) and maximal -compression of the nu-
merical data. The library also contains inelastic-transition matrices in the 70-group repre-
sentation, group microconstants derived by the standard BNAB method [7], and other sets of
numbers. The library has been formulated for the range 10 eV to 10 MeV.

Figure 1 compares the calculated and observed neutron energy spectra normalized by
area. The convolution of the calculated spéctrum was used, and the detailed distribution
was averaged with the spectrometer resolution-function weights. In the case of the BFS-28
assembly, the measurements at energies below 1 keV have been performed with inadequate sta-
tistics and are not given in the figure, while the time-of-flight measurements for the BFS-24
and BFS-39 are not given because these compositions were examined with a test bed not having
a neutron~beam output to the time-—of-flight system.

The structure in the calculated and observed spectra in the main coincide, although
there are some quantitative differences, which is due to inaccuracy in selec¢ting the resolu-
tion parameters in the convolution, incomplete correspondence between the approximating func-
tion and the actual one, and mismatch between the conditions used in deriving the experimental
and calculated data: on the one hand, the errors considered for the experimental methods do
not incorporate the errors in the correction coefficients (Table 2), which may be substantial,
while on the other the methods of zero-dimensional calculation on the detailed spectrum do
not incorporate the smallness of the insert dimensions, the many zones in the assembly, and
S0 Ol . :

Translated from Atomnaya ﬁnergiya; Vol. 56, No. 4, pp{ 236-238, April, 1984, Original
article submitted July 4, 1983, : :
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Fig. 1. Neutron spectra in the assemblies BFS-24 (a), 26 (b), 27 (c), 28 (d), 39

(e), and 45 (f): solid line from calculation; O. ®. and +) measurements correspond-

ingly by time of flight, with a hydrogen counter, and with a scintillation spec-

trometer. '

The differences between the calculated and observed fluxes obtained by convolution in
the BNAB groups fit approximately within twice the error of experiment for all the critical
assemblies in the energy range 10 keV to 1 MeV., The large discrepancies below 4 keV are
evidently due to the above inadequacy in the derivation of the calculated and experimental
data. The most serious difficulties in comparing the calculations with experiment occur for
the BFS-26 assembly: the curves cross over and the quantitative differences are relatively
large. Incorporating the corrections for the time-of-flight measurements did not eliminate
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TABLE 1. Volume Proportions ofv the Ceqtral Zones in the BFS Assemblies, %

: ’ i- [En- | Central .
Assembly Fuel Steel ﬁxll‘:’ilml Sodium | Carbon [rich- ‘zone vol.," Assembly characteristics
: ment, % | jjrer

' - ‘Model for BN-600 reactor,'medium of eariche
BFS-24-16 | 33 20 25 - - 21 1550 uranium metal, wgether with the dioxide
of depleted uranfutn with the addition of
AlyOg, Al, and Fe .

HFS-26 2.9 20 21 — 36 90 700 | Medium of enriched uranium metal, .
(16%) graphite, iron, and aluminum
BFS.27Y 3,8 5 11 29 30 a0 - H6D (42) Medium of enriched metallic uranium,
) graphite, sodium )
BFS-28 33 - 49 — — 27 450 (8) Assembl¥ similar in_composition to the
: . ' zone of high enrichment in the BN-600

: (without sodium)
BFS-39 25 21 10 26 o 17 1326 . - | Model for the BN-800 reactor, medium
. of enriched metallic uranium, dioxide
of depleted uranium, sodium,
. } aluminum, and iron .
BFS$-45 34 13 6 29 — 21 685 Assembly close in composition to zone
- : of low enrichment in the BN-800

*The numbers in parentheses relate to the homogenized part of the insert,
+There were small amounts of Ti and Si in the BFS-27 assembly.

TABLE 2. Corrections for Group Fluxes in
the Time-of-Flight Measurement Range

»Cc')nection

G i R
N;‘TUP . Energy range ?.‘ Y ?j 55
| o» hd 2] %]
e | ® 2| B
8—10]| 0,2 MeV—-21.5 keV 1,00 | 1,00 | 4,00 | 1,04
1" 21,5 10 keV 1,00 [ 1,01 | 1,02 | 1,04
12 fo-- 4,65 keV - L 011,00 | 1,08 | 1,12
13 4,65--2.15 keV 1031081 1,2211,2
14 2,451 keV 1,00 | 4,43 | 1,43 | 1,56
15 - L,465keV 1,46 | 1,49 | 1,8t | 2,12
16 a5—215eV 11,41 11,46 | 3,00 ] 3,20
17 215 - eV 1,54 11,57 — —
18 100 - 46,5 eV 2,36 .2,50 | — —

TABLE 3. Errors in Measured Neutron
Spectrum, %

ey |t o Son
t -
. _,megthod ) f:ounters trometer
10 eV— 0,2 MeV 8—15 — —
2 'keV -1,2 MeV —_ 5-25 —
0,8—10 MeV - — 10—15

the discrepancies completely, although it reduced them (for example, the discrepancies were
reduced by a factor 5-6 for the BFS-45 at energies below about 300 eV). However, the ac-
curacy attained in the experiments is inadequate (2-5%) [8]. The error in the calculation
method (neglecting the constant component) is estimated as *5% for the low-energy region,
where the fall in the neutron flux relative to the maximum is by not more tham 3-4 orders of
magnitude, ' )
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MEASUREMENT OF THE THICKNESS OF THE DEPOSITS
OF NUCLEAR FUEL

P. S. Otstavnov and V, P. Koroleva UDC 621,039,.58

Nuclear fuel, entering into the first loop of a reactor from unsealed fuel elements,
accumulates together with other elements in the coolant and in deposits on the inner sur-
faces of the loop. The main radiation danger of the nuclear fuel is from a radiation., If
plutonium is used as the fuel, then the danger of contact with the fuel increases due to its
very high toxicity. Information on the content of fuel in the coolant, in the walls of the
loop and in the equipment is required in order to evaluate the radiation -environment, es-
pecially during maintenance operations. ‘

The possibility of using solid track detectors for detecting a activity of the fuel in
the first loop of a fast reactor was studied in [1, 2] and the structure and nature of its
deposits were also investigated. The measurements of the contamination of the surfaces of
pipes by the fuel provided information on the content of fuel only in the surfaces and near-
surface layers dueto the small mean free path of a particles in the material of the deposits.
To determine the fuel content of the deposits, it is necessary to know the depths of pene-
tration of radioactive materials into the deposited layer and the degree of uniformity of
their distribution in it, which is obtained by measuring the thickness of the radiocactive
deposits. To determine the thickness of radioactive deposits, the method of layer-by-layer
removal of the surface of the specimen under study by a mechanical or a chemical method, com-
bined with subsequent measurement of the radiocactivity of the layers which were removed or
which remain, is usually used. - C

The purpose of this work was to use the method of solid track detectors to determine
the thickness of the deposits of nuclear fuel on the inner surface of samples cut out of
the pipe in the bypass line of a sodium-cooled reactor.

The experiment basically involved projecting the transverse section of the layer of de-
posits (thickness of the layer) with the help of « particles from the fuel, contained in the
deposits, onto the track detector: nitrocellulose in direct contact with the layer. This
method is direct and reliable, and since it does not involve the destruction of the radio-
active layer, it permits performing repeated measurements with the same sample.

We attached the detector consisting of the nitrocellulose with a thickness of 0,12 mm
from RF-3 photographic film on the lateral surface of a section of the metallic sample of
the pipe. We first worked the lateral surfaces of the samples mechanically in order to re-
move jags, scoring, and other forms of surface irregularities, remaining after the sample
was cut out of the pipe. This operation is necessary in order to ensure a close contact be~
tween the detector and the sample and in order to obtain a high-quality profile of the de-
posits.,

To eliminate the effect of tracks from « particles from the active layer which is not
in direct contact with the nitrocellulose, we covered the inner surface with a closely fit-
ting screen made of aluminum foil, which absorbed all the a particles leaving at an angle to
the solid track detector from the inner surface of the pipe sample. In order to irradiate
several nitrocellulose detectors simultaneously from samples with the deposits, we constructed
a ring-shaped holder whose outer diameter corresponded to the inner diameter of the pipe.

Translated from Atomnaya ﬁnergiya,'Vol. 56, No. 4, pp. 238-239, April, 1984, Original
article submitted August 15, 1983,

270 0038-531X/84/5604-0270508.50 © 1984 Plenum Publishing Corporation

Declassified and Approved For Reiease 2013/09/14 : CIA-RDP10-02196R000300040004-4




Declassified and Approved |5or'ReIease 2013/09/14 ; CIA-RDP10-02196R000300040004-4

To determine the thickness of the radioactive layer, we placed the nitrocellulose detectors,
which were closely clamped with a load, in the endface surface of the ring-holder and the
lateral surface of the section of the samples with the layer. In this case, the ring-holder
also functioned as an aluminum screen.

The exposure was performed for a period of 3-5 days. After etching in an alkali solu~-
tion, flushing in distilled water, and drying, we examined the detectors in a PMT~3 micro-
scope with a magnification of 360. We determined the thickness of the layer from the width
of the line of intense o radiation recorded by the detector. The density of the tracks
formed by the a particles from the layer under study in the nitrocellulose exceeded the
density in neighboring background sections by tens and hundreds of times. We determined the
width of the line visually with the help of a scale on the eye piece of the microscope. The
scale value permitted determining the dimensions to within +2 ym. The fine matted strip from
the layer of radioactive deposits could also be observed against the background of the trans-
parent nitrocellulose with the naked eye. It repeated the form of the inner surface of the
metallic sample itself. The thickness of the layer of deposits was 4100 ym. The maximum
spread of the thickness of the layer, obtained on the nitrocellulose in contact with the radio-
active layer, was 10 um.

~ To determine the density distribution of the a-active material in the layer, we measured
the density distribution of the tracks of a particles over the thickness of the layer. In
most cases, the density of tracks over the thickness of the layer is constant within a single
section, but varies somewhat from section to section, even for the same sample. The investi-
gations established that solid track detectors can be used successfully to measure the thick-
ness of deposits of the a-active substance to study the distribution of its concentration over
the thickness of the layer. A
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RADIATION-STIMULATED DIFFUSION OF AEROSOLS

I. E. Nakhutin, P. P. Poluéktov, "UDC 539.16.04
and G. Yu. Kolomeitsev

Diffusion plays an important role in the behavior of aerosol systems, for example in

" filtration, deposition of aerosols on different surfaces, as well as in coagulation proces-
ses [1]. Diffusion of particles arises as a result of their Brownian motion, where the source
of the Brownian impacts is the thermal motion of the gas molecules. In radioactive gases
there is one other factor responsible for the random wandering of aerosols. Radiocactive de-
cay events are accompanied by ionization of the gas; as a result of the fission of ions of -
different signs, very strong local electric fields appear, whose characteristic spatial di-
mensions, as a rule, exceed the dimensions of the particles. The local fields have a two-
fold effect on_the particles; first, due to the charging of aerosols in radioactive gases,

coulomb forces act on the particles and, second, neutral particles are entrained into non-
uniform fields.

The purpose of this work is to calculate the coefficient of diffusion of particles in
radioactive gases taking into account the processes mentioned above. We note that there is
one more source of random wanderings: recoil, which accompanies emission from particles,
but is insignificant compared to the effects under examination. '

To derive the coefficient of diffusion, we shall use the method for obtaining the Fok-
ker—Planck equation described in [2]. The equation of motion for a Brownian particle, rep-
resented in the form of a sphere with radius R and mass m, moving in a gas with velocity v,

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 4, pp. 239-240, April, 1984, Original
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in the limit of small Reynolds numbers (Re = vR/v < 1), has the form v, = y (), where y = 67Rn and
n is the dynamic viscosity of the gas. The random force y(t) represents a sum of three terms:
the Langevin force yn, which arises from the thermodynamic fluctuations in the gas; the force
gE acting on a charge q in an electric field E; the ponderomotive force %KjEvni-which acts

{311
on neutral particles in an inhomogeneous field (V is the volume of the particle, aV is its
polarizability). It is assumed that the characteristic length over which the random electric
field varies exceeds the dimensions of the particles.

Thus, we have three random functions of time ¥m: ¢ E, which are independent of one another.
The derivation of the equation of diffusion is based on the hierarchy of times in the problem.
It is assumed that the correlation time of the Langevin .source is small [2] compared to the

the characteristic Stokes relaxation time 7, (y/m)~' - mJﬂﬂnl(m : %n”ﬁm is the mass of the par-

ticle; po is the density of the particle material). The use of the equation of motion of a
particle in the form presented above presumes that the process is examined with a time (t —
to) greatly exceeding Tp. Let us compare Tp to the characteristic time t1e of variation of
the random electric field, which coincides with the recombination time of the plasma in the
region of radiation damage, estimated as 1e = (Bn)~ ' (here n is the number of electron-ion
pairs in the radiation decay channel; B is the coefficient of recombination)., Thus there
exists a size R* of aerosol particles for which 1y = Te, equal to R* = V9n/Bnpo. In air
under normal conditions, we obtain £* ~ 1072102 cm. Since thesizes of typical aerosols,
suspended in an air atmosphere, are lessthan 10 um, we can assume that 1,< 7. This means
that the changes in the particle velocities follow the changes in the field, in accordance
with the equation of motion. Restricting our analysis to processes averaged over times
longer than Te, we can assume that the random electric field is $§-correlated; its average
value equals 0, while <Ej(t)Ex(t')> = B6iké(t — t') (the structure of the constant B is ex-
amined below).

Thus there are two "slow" processes: charging of aerosols and their diffusion in space.
The first process has been studied in many papers [3-10], where it. is established that the
characteristic time for charging a particle is independent of the dimensions of the system.
On the other hand, the characteristic time for diffusion increases as the square of the di-
mensions of the system, and. for large dimensions greatly exceeds the charging time. There-
fore, spatial diffusion can be examined assuming a stationary distribution of charge over
particles (of a given size), although the charge of each particle varies.

Under the assumptions made above, the procedure for obtaining the coefficient of diffu-
sion is the same as the one described in [2]. In [2], the coefficient of diffusion of par-
ticles is determined by averaging the square of the velocity over time: <vjvy> = 2D8j36(t —
t'). In our case D has the form

_r+ {,lz (F2) 4 ( ; ) {([(EV) EI';fx}, . M

where DT = kT/y is the coeffic1ent of thermal diffusion of particles; k is Boltzmann's con-
stant; T is the temperature; q? is the average (for a given R) charge; Tk is the correlation
time of the electric field (it coincides with the characteristic lifetime of the region of
radiation damage te). The braces correspond to averaging over time at some point or (with a
stationary random process) averaging over space. For AV,7, <1 (Vyis the volume of the region
of "damage - arising with a single decay; A is the specific activity of the gas), when the re~-
gions of radiation damage do not overlap, we have

<l 2) == AV Ty (E2)y; (2)
(V) EJ2) = AVt (L(EY) B, (3)
where the zeroth index indicates averaging over separate channels of the damage.

, Based on the above, the coefficient of radiation-stimulated diffusion of aerosols is
expressed by the formula¥*

D= AL AT (G, 4 (1) ) B “

*We emphasize that the use of formula (4) is restricted to the case of low activity in ac~
.cordance with the inequality AV,7, < 1 and-the formula is accurate to this order.
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we note the linear growth of the coefficients of diffusion with increasing activity, if
we restrict our attention to the case of nonoverlapping fields of radiation damage, as well
as to the assumption that q does not depend on the activity (both of these assumptions re-
strict the upper limits of the activity). We shall determine the activity for which the

terms related to the thermal and radiation wandering in the coefficients of diffusion are
equal.

The value of the coefficient of dlffu31on according to the formula is primarily deter-
mined by the average values of some functions of the electric field in the region of radia-

tion damage. According to the data in [11], for the 1-MeV B-electron channel in air, we may
take E # 10 V/cm, % ~ 0.1 sec, Vk ~ 0.2 cm®.

Let the diameter of a particle be 10 um and its density p~1 g/cm®. In air, for these ,
particles, v~ 1.5-107° g/sec, DT ~2,5-10"° cm?/sec. We shall assume the diffusion mechanism
for charging of particles; from the relation ¢e/R =~ 7 (the energy required for an electron .to
reach the surface of the particle is close to the thermal energy), we estimate q =~ 100e (e
is the charge of an electron). Then, according to the formula, with an activity of A ~10"°-
107¢ ci/liter* the contribution of radiation electric fields to diffusion becomes determining
compared to the thermal diffusion.

Thus the velocity of diffusion of aerosols increases markedly with a comparatively low
level of activity. As a result, the deposition of aerosols in pipes and aerosol-removing
equipment can accelerate. This process should be especially clearly manifested in operating
with air-cleaning systems under emergency conditions at nuclear power plants (see [12]). It
is evident that the rate of diffusion increases not only in the presence of the intrinmsic
radiocactivity of the gas, but also under the conditions of irradiation by external radiation.
We note that the model presented for radiation-stimulated diffusion is applicable to both

gases and liquids. The present description can be extended, aside from aerosols, to the dif-
fusion of molecules. '
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POSSIBILITIES OF USING NEUTRONS OF THE COSMIC
BACKGROUND FOR THE INVESTIGATION OF THE SALT CONTENT
OF SEAWATER

‘E. M. Filippov ) " UDC 550.35:551.46.083

Nuclear reactions leading to the formation of neutrons arise under the action of the
solar wind on atomic nuclei of the atmosphere. As the altitude decreases, the neutron flux
of cosmic origin declines according to an exponential law [1]. Due to reflection of neutrons
from the land and water surfaces as well as their origin in rocks and water under the action
of mesons and so on, this flux increases. It has been shown that the near-surface component
of cosmic neutrons can be used to study neutron-absorbing useful minerals (boron and tung-
sten) which outcrop at the surface or are exposed by open-pit mining {2-4].

. The possibility of using the neutrons of cosmic background to study seawater is con-
sidered in this paper. The use of neutrons of an external source for these purposes has been
described in [5] and in more detail — [6]. In order to estimate the albedo a of neutrons iso-
tropically incident on the surface being irradiated, people use various relationships:

a==1—2.31 (S/2) 13, 1)

where Iz and I are the macroscopic absorption cross sections of neutrons in the medium being
investigated and the total cross section, respectively [7], or

a=A—B/A+B), (2)

where b::é%A,L,kris the transport migration length of thermal neutrons, and L is the diffusion

length of thermal neutrons [6, 8].

For an isbtropic flux of fast neutrons the albedo of thermal neutrons is calculated from
the formula [8] : . :

TLev
T D ) )

where v and v are the mean lifetime and velocity of thermal neutrons and Lg is the thermali-
zation length of fast neutrons in the medium being studied [8]. For neutrons of a californium
source Lg = 5,24 cm [5]. The diffusion parameters for thermal neutrons (macroscopic cross
sections with respect to capture I, and scattering Ig of neutrons and the mean free paths of
neutrons Ay, Ag, A corresponding to them, the diffusion coefficient D, etc.) depend on the
salinity of the water (Table 1) and its temperature (Table 2). The results of calculations

of the values of « (Fig. 1) indicate that an increase in the salinity of the water will lead
to a decrease in the albedo of thermal neutrons.

The distribution of the flux density of thermal neutrons near the water surface and in
water of different salinities is shown in Fig. 2. The curves given are constructed from the
data of [1, 9], and the neutron fluxes of cosmic origin in water of different salinities are .
calculated by the author. It follows from Fig. 2 that the neutron component in the atmosphere
‘near the water surface can be represented as the sum of two exponential functions shown as
dashed lines. The higher the salinity of the seawater, the more rapidly does the neutron
component of the cosmic background decrease with depth., It follows from this that by lower-
‘ing neutron detectors into seawater and measuring the neutron radiation of cosmic origin one
‘can assess the variation of the salinity of seawater. It is best for these purposes to use
highly efficient proportional counters filled with ®He., Cassettes with a neutron recording
efficienty of A50% [10] can be assembled on their basis. One can determine the salinity of"
seawater with an error of ~l1% by the immersion of such cassettes of detectors with an area
of 10* cm® (1 m?) to a depth of 40-80 cm. :

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 4, pp. 240~243, April, 1984. Original
article submitted August 18, 1983.
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TABLE 1. Diffusion Parameters for Ther-
mal Neutrons in Water of Various Salini-

ties
Fresh water|. Black Sela f Ocean water
Neutron . water (sal - ini
parameters |’ (ze'ro' inity of 17.5 (salu/uty of
salinity) | g/gg) 35 g/kg)
Zas cm¥g 0,0221 0,02736 0,03239
Ls, cm¥g 3,716 3,689 3,662
s, cm2/ 3,738 3,716 3,694
Aq, €M 45,25 36,19 30,06
As» CM 0,269 0,268 0,266
A, cm 0,268 U,2625 0,264
Aty cm 0,431 ] 0,429 0,426
1, sec 2,06.10-4 | 4,65-10~1 1,365-10-4
L,cm 2,77 z,a 2,90
D, emYsec 3,97-100 } 3,55-10 3,54-104

TABLE 2. Effect of the Temperature of
Ocean Water on the Velocity and Diffusion
- Length of Thermal Neutroms

. t,°C p, glms L, cm v, cm/sec
20 1,024806 219 . 2,101-10°
22 1.,024265 2,20 - 2 l‘)\fyo t)s
25 1023383 e 32096105

a
q81 P ;
a5 7
077 1 L ! ! 1 1
g 70 20 70
431 - .
g3 J
4271

25"t :
7 0 20 S, %o
Fig. 1. The effect
of salinity of water
on the neutron al-
bedo: 1, 2, 3) re-
sults of calculations
according to formulas
(1), (2), and (3),
respectively.

. " Devices with neutron detectors on ships and helicopters can be used to determine the
salinity of seawater by recording the neutrons of cosmic origin reflected by the water sur-
face. To get a quantitative estimate of the possibilities of this method, we shall repre-
sent the total flux density ¢ of cosmic neutrons in the atmosphere as the sum of two expo-
nential functions:

D (M) == Dy F Dy === by g0~ Ly @, 0 . (8

Here L is the diffusion length of thermal neutrons in the atmosphere, b is a constant, and
%10 and &20 are coefficients determined from the graphs of Fig. 3 for &, and ¢, at H = 0 and
are equal to 1.76<10™° and 2.4:10"* neutrons/(cm*.sec), respectively. The flux density of
the neutrons reflected by a flat water surface is described by the diffusion equation

9 _e-HIL
Cf =35z - : (5)
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Fig. 2. Distribution of the flux
density of thermal neutrons near the
water surface and in water of differ-

ent salinities for the geomagnetic
latitude 44°.
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Fig. 3. Dependence of the flux
density of neutrons on altitude:

9) total flux density, and its com—
ponents are &, and ¢23; ¢f) flux
density of neutrons reflected by a
flat water surface, ¢d) diffusion
flux of neutrons, and ¢ — &4 and

¢f — &d) difference fluxes.

where q is the flux density of neutrons at the water surface [for the case under discussion
q = 10™° neutrons/(cm®+sec)] and Zq 1s the macroscopic absorption cross section of thermal
neutrons in the atmosphere; the function ¢f is given in Fig. 3.

In order to suppress the neutron fluxes from the upper half-space and to record those
from the lower half-space, the cassettes of detectors mentioned above should be shielded from
above by a layer of cadmium 1 mm thick [1]. In addition to the flux ¢f neutrons diffusing
from the lower half-space will exert an effect on a detector located at the point D at an
altitude h above the water surface (Fig. 4). Both the component &f and the component of the
‘neutron flux emerging from the upper half-space, ¢,, are sources of them. The flux density
of neutrons produced by diffusion in the lower half-space and incident on the detector can
be determined by calculating the following integral: ‘

@y = S © (H) F (r) dv. ' _ _ (6)

v

The function F(f) is the diffusion equation of thermal neutrons of a point source lo-
cated in a space with the coordinates (H, y), and it is determined by the relationship [8]:
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Fig. 4. Scheme for
calculation of the
neutron fluxes above
a water surface.
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F’ig-. 5. Errors in measuring the salinity of water: a) absoiute errors for
different altitudes with a measurement duration of 100 (—) and 400 sec

( ); b) relative errors for various measurement duration.
Fr) =k =" (eumons/cm?), ' _ )

“Anl?
Calculating the integra_l (6) in the cylindrical coordinate system, we .obtain

1 H : , o
Ca=7 {“Dm e 1_?_—’,,"[’ (t'""—e‘v"”')}. BN C)
The first term is determined by measurements of the fluxes of neutrons from tﬁe lower

half-space at an altitude no greater than 100 m. For H > 100 m the expression (8) reduces to - .
the form ' ' : S

PN bH__ —H/L . .('9)
md—.—mﬁs(e e ).

For H > 200 m one can also neglect the second term in this expression:

" [1)] b v 10

_ Yi=rarin ® - a0 v
For calculations using the relationships (8)-(10) it is necessary to estimate the param-

eters for the diffusion of thermal neutrons in the atmosphere. To this end, we shall adopt -

the following composition of air: nitrogen — 78%, oxygen — 21.5%, and hydrogen — 0.5Z; den-
sity of nuclei of the indicated elements: PN = 4.19202.10°, pg = 1.5549¢10'°, and py =
2.6872¢10*7 [11]. Finally, the diffusion parameters of thermal neutrons in air will take
the following values: Ig = 7.89¢107° cm *, Ig = 4,947-10"% cm™ >, I = 5.736°10"“ cm™*, 1 =
0.0576 sec, L = 2920 cm, D = 1.482+10° cm?/sec, and b = 1,24225.107° ™2,
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@iuco vl ¥g LastulatEu USLOY LOLKULAS (8)-(LU) are shown in Fig, 3., It is evident
that at H = 0 the function ¢4 = 0 and reaches a maximum at H ~ 20 m, then gradually decreases
to an altitude of H ~ 165 m, and then gradually increases again. The function ¢ — ¢4, which
describes the flux of neutrons incident on the detector from the upper half-space, and the
neutron flux ¢q = &f — ¢4, which conveys direct information about the salinity of seawater,
are also shown in Fig. 3. It follows from a comparison of the plots of &y and ¢4 that the
first of these components prevails at H < 23 m.

Let us proceed to a calculation of the errors in the determination of the salinity of
seawater from the results of measurements of the neutron flux densities at altitudes of 2-
25 m, having taken the effective area of the detecting system es to be equal to 10“ em? (the
area s = 2 m*®, and the efficiency ¢ = 50%). The counting rate is related to the neutron
flux density by the relationship

7 Ny =eshy. (11)
We find the absolute error of determining the useful counting rate from the equation
ANg =V No T 2R, S (12)
whence the absolute error in determining the salinity of seawater is
AS = 585 = §6N o == § AXX: , ' (13)

where 6S and 6Ny are the relative errors of determining the salinity and the counting rate,
respectively, which are taken to be equal [6].

The numerical values obtained for the measurement errors are shown in Fig. 5. The abso-
lute errors of determining the salinity of water at various altitudes with measurement dura-
tions of 100 and 400 sec can be estimated from the data of Fig. 5a. It follows from Fig. 5b
that when the detecting system is located at an altitude of 2 m above the water surface it
is necessary for determination of the salinity with an error of 1% to measure the counting
rate for 400 sec;. at H = 25 m the measurement duration should be increased to 120 min.

In the future helicopters may be replaced by aircraft of the small-dirigible type, to
the creation of which a lot of attention is being devoted at the present time, for obtaining
information about the salinity of water with the help of neutron detectors. If one fills the
gondola of such a dirigible completely or partially with ®He, i.e., converts it into a de-
tecting system of large volume, the measurement duration can be significantly reduced.

We have assumed in the calculations performed that the neutron fluxes are constant.
Their actual fluctuations can be taken into account with the help of special monitors which
measure the ratios of the counting rates of neutrons from the lower and upper half-spaces.
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COMBINED SHIELDING FOR MONOCHROMATORS OF CRYSTAL-DIFFRACTION
INSTRUMENTS

E. A. Garusov, I. V., Golosovskii, . uDnc 539.1.074&621.039.7
N. K. Pleshanov, V. A. Trunov, '
A. K. Tsytsenko, and V. B. Shchebetova

Monoenergetic thermal neutrons are obtained most simply by diffraction on a crystal-
monochromator. In operation at wavelengths A > 0.5 & (1 & = 107*° m) the relative width of
the spectral line usually amounts to several per cent of A, Since the remainder of the in-.
cident spectrum should be effectively absorbed, in any diffraction apparatus shielding of
the crystal-monochromator is one of the main subassemblies which accounts for a considerable
part of the cost of the entire apparatus. A possible way of cutting these costs is that of
using several crystal-monochromators, ensuring the simultaneous operation of a number of ap-
paratuses, and optimizing their shielding. In nuclear power plants, in which the shielding
cost Cg amounts to 20-307 of the total cost of the plant [1], the principle for optimizing
Cs is to minimize it with the condition that the radiation dose be limited to a value below
the allowable dose [2]. In addition to minimum cost and observance of radiation safety
standards, the shielding of crystal-monochromators should also ensure -the maximum neutron
flux of the prescribed spectral composition and a certain divergence at the crystal-mono-
chromator. Consequently, the geometric beam-attenuation factor Kg, determined by the total
thickness of the absorbing material, should be minimum. Moreover, as a rule, stringent re-
quirements are set as to the overall dimensions of the shielding, owing to the limited area
for installing equipment in the experimental hall of the reactor. It thus follows that ‘it
is necessary to minimize the quantity#*

CsKg/]\' i Y"ill,

where K is the overall attenuation factor and Cg and Kg are defined as above. Thus, attenua=-
tion of the scattered beam in the crystal-monochromator must be emsured primarily by the
optimum choice of absorbing materials and not the thickness of the shielding.

In designing the shielding for the crystal-monochromators of diffraction apparatuses
set up on the neutron beams of the VVR-M water-~cooled water-moderated reactor at the B. P.
Konstantinov Institute of Nuclear Physics, Academy of Sciences of the USSR, Leningrad, it
was necessary to meet the following requirements: build it as a demountable unit in case
operational disassembly is necessary, ensure the simultaneous operation of three crystal-=
monochromator apparatuses (multiple-counter diffractometer for the investigation of poly-
crystals, a four-circle diffractometer, and an apparatus with polarized neutrons for solving
nuclear physics problems), make provisions for continuous variation of the wavelength of
neutrons reflected by the monochromator-polarizer., The need to conduct polarization through
the shielding imposes additional conditions on the design of the exit. channel.

Most often the shielding of a crystal-monochromator is made in the form of a cylinder,
inside which is a crystal with a channel through it for the reflected beam. To vary the
wavelength the entire unit (weighing several tons) is rotated about the vertical axis. Either
a complex system of moving wedges is used to provide the shielding at the beam exit or the
beam is extracted through a wide sector. In this case an extra stationary shield between
the cylinder and the reactor is required. ' :

The proposed shielding design was solved as follows (Figs. 1,2). The multiple-counter
and four-circle diffractometers use beams of fixed-wavelength neutrons reflected from two
families of crystallographic planes of one crystal, (331) and (111), respectively. The scat-
tering angles of the diffracted beams (76° and 32°) are prescribed by the particular layout

*This functional does not take account of savings made on the fuel costs and operating costs
of the reactor, which would require simultaneous optimization of the shieldings for all equip-
ment operating on the reactor. :

Translated from Atomnaya Energiya, Vol., 56, No. 4,bpp. 243-245, April, 1984, Original
article submitted August 18, 1983, '
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Fig. 1. Design of shielding and lay-
out of physical equipment: A) reac-
tor radiation shielding; B) shield-
ing of crystal-monochromators; C) ap-
paratus with variable wavelength for
nuclear physics research; D) four-
circle diffractometer for research on
single crystals; E) multiple-counter
diffractometer for research on poly-
crystals; 1, 3) multiple-slit colli-
mators; 2) reactor-beam gate; 4)
cast iron; 5) dron-paraffin mix-
ture; 6) hydrogen-containing shield-
ing; 7) nickel layer; 8) lead layer;
9) girder with experimental equipment.

 “;fof the physical equipment and the angle between the crystallographic planes. Moreover, in

choosing the diffraction angles we took into account their relation to the resolution of the

~ instruments and other physical factors (in particular, the necessity to discriminate from
higher orders in the diffracted beam). The apparatus with polarized neutrons with a variable
wavelength (possible diffraction angles of up to 30°) employs the short-wavelength part of
the spectrum with A < 1 . Such neutrons, which are practically not absorbed, pass through
the first crystal-monochromator and are reflected from the second.

The value of the exposure dose outside the shielding is determined by the flux of fast
neutrons and the attendant flux of capture y-rays as well as the flux of moderated neutrons,
In order to reduce the thickness of the shielding in the direction of the direct beam to a
minimum, a combination of iron with a hydrogen-containing material of optimum composition was

'b_used {1]: the first layer of the shielding was made of cast iron 5 cm thick, the second layer

(see Fig. 1, items 4 and 5) 40 cm thick in the direction of the direct beam consists of iron
shot of diameter 1-2 mm, with paraffin poured over it (the packing of the shot was close to
the dense packing of spheres), and the last layer consists of lead 12 cm. thick and nickel 5
cm thick. (Nickel was introduced into the last layer of the shielding to attenuate neutrons
with an energy of 20-40 keV, since iron has two gaps in the scattering cross section in that
energy range.) The side and upper parts of the shielding, onto which only scattered radia-
tion impinges, are made of heavy concrete with a density of 3.2-3.5 g/cm®. In view of the
high directivity of the fast-neutron scattering, a large part of the iron-paraffin layer was
made in the form of a sector 20 cm high, abutting on the main cylinder. This design permit-
ted a decrease in the mass of the heavy shielding, whichrests on a ball bearing and can be
rotated about the vertical axis. Mounted inside the cylindrical shield is the crystal-mono-
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Fig. 2. Section of shielding in the -
direction of the beam: 1) niche of

- first crystal-monochromator; 2) niche
of second crystal-monochromator; 3)
monochromator module; 4) cast iron; 5)
iron-paraffin mixture; 6) hydrogen—con-
taining shielding; 7) nickel layer; 8) .
lead layer; 9) tube with magnetic guide
field; 10) pneumatic supports.

chromator module (see Fig. 2) [3]. It rotates the monochromator and is furnished with an ac-
. curate angle-code transducer and an optical communications system for matching the rotation
angles of the crystdl and the reflected beam. By means of a tube (see Fig. 2), inside which
the reflected beam travels in magnetic guide fields, themoving heavy shielding is rigidly con-
nected to a "collar" 20 cm high which rests on two pneumatic supports. The latter move on

a smoothly finished surface. Thus, the entire moving part of the shielding, weighing 2.5
tons, rests on three points, thus ensuring that it moves smoothly. Rigidly connected to the
collar is a girder holding experimental equipment (see Fig. 1, item 9), whose other end rests

on a transport module [3] on pneumatic supports. It holds a servodrive which moves the en-
tire structure,

The hydrogen-containing part of the shielding can be made in two versioms. If it is
necessary that the wavelength be changed without dismantling the shielding, the hydrogen-
containing layer is made in the form of two water-filled bags, between which the exit chan-
nel is located. The outer jacket of the channel has an elliptical cross section so as to
ensure that the bags are in contact outside the channel. If the wavelength is changed fairly
rarely, it is more expeditious to employ filling with granulated polyethylene.

The overall attenuation factor of the shielding for fast neutrons is (4-6)-10'%, the
geometrical factor being 2.10“., When the fast-neutron flux density at the bottom of the
channel is A5.10%%2 neutrons/cmz-sec, of which 3.3-10°.are scattered on the crystal monochro-

mator (at a reactor power of 16-18 MW), the shielding ensures that the dose loads are permis-
sible. . :

In conclusion, the authors would like to express their thanks to Yu. V. Petrov for tak-
ing an interest in the work, K. N. Semenkova and A. N. Andreev for participating in the con-
struction of the shielding, G. Ya. Vasil'ev for carrying out neutron-flux measurements, G. A.
Petrov, G. V. Val'skii, and Yu. S. Pleva for assembling the shielding, and V. A, Priemyshev
for being of assistance in the fabrication of the entire complex of equipment.
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MEASUREMENT OF ENERGY AND INTENSITY OF PRINCIPAL
34%cm a-GROUPS '

V. M. Shatinskii . = UDC 539.164

The summary report of the Third Coordinated Research Meeting on the Measurement and
Evaluation of Transactinium Isotope Nuclear Data (Vienna, 1980) [1] presented the accuracy
attained in the values of the half-lives and rates of a-transitions, the requirements as to
the accuracy of these constants for nuclear power, the problems of guarantees, environmental
protection, etc. In particular, it turns out that a 2% error is required in measurements of
the intensity of the principal *“®Cm a-groups and the attained error is 5% in the absence
of the necessary data for obtaining the estimated value of the intensity of *“SCm a~-groups.

"The energy and intensity of *“®Cm a-groups were measured on a sample of curium isolated
from spent fuel from an atomic power plant with a VVER-440 water-moderated water—-cooled
power reactor. The isotope *“°Cm was used as an emergy standard (Eqies = 5362.0 + 0.7 keV,
lazes = 93.2 * 0.5% [2]) in a series of four measurements on a w/i'magnetic a-spectrometer
[3]. The density of the active layer -of the source, prepared by vacuum evaporation of a
243-346cm mixture, is 2 ug/cm®. The energy resolution of the spectrometer at a solid angle
n10™% from 4m and a source size of 2.50 mm® was A5 keV (see Fig. 1),

The following values were obtained for the 2“°Cm nuclear physical constants: Eq, =
5386.5 * 1.0 keV, Iy, = 82.2 + 1,2%, Eq,s = 3343.5 + 1,0 keV, and Io,s = 17.8 £ 1,27, A
root-mean square error o, which corresponds to a confidence coefficient of 0.68, is given.

e —
Jao |-
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Fig. 1. Spectrum of 2“5*2%48qp,
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Translated from Atomnaya ﬁnergiya, Vol. 56, No. 4, p. 245, April, 1984. Original arti-
cle submitted September 30, 1983,
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APPLICATION OF FERROSULFATE SOLUTION IN DOSIMETRIC
RESEARCH ON REACTOR BEAMS

S. P. Kapchigashev, V. I. Potetnya, UDC 539.125.5.08
and O. I. Potetnya

The wide range of energies and intensities of neutron beams used in radiobiological re-
search necessitates the use of different dosimetry methods based on variation of the heat,
" ionization current, and the chemical effect. In intense fields of reactor radiation use is
often made of a standard ferrosulfate solution (FeSO, system) in combination with glass ther-
moluminescence dosimeters, intended mainly to determine the y-ray dose, This system is dis-
tinguished by tissue-equivalence, simplicity of preparation, high stability, a known sensi-
tivity to vy rays, and a possibility to simulate biologlcal objects of any shape and to carry
out phantom measurements.

More extensive appllcatlon of the FeSO, system in reactor dosimetry is hindered by the
lack of data about the dependence of the radiation-chemical yield G(Fe® ) of trivalent iron
on the neutron energy. At the present time, because of the lack of experimental data this
dependence is determined on the basis of knowledge of G for heavy charged particles, in two
ways: using the universal dependence of G on the linear energy transfer (LET) and expansion
of the absorbed neutron dose over the LET spectra of secondary charged particles; and using
direct data about G for charged particles, determined in so-called thick-target experiments -
(complete stopping of particles), and expansion of the absorbed neutron dose over the spectra
and types of secondary charged particles.

To date a large volume of experimental data on G for protons and a-particles has been
obtained in the energy range E = 0.2-23 MeV. Practically no data, however, are available on
G for C, N, and O recoil atoms in general and for all heavy charged particles for E < 0.2 MeV.

In just one experiment [1] has a high radiation-chemical yield (Gp) been detected for
 low-energy protons (£~ 70-150 keV). The resultsof that paper aredifficult toexplain unam- '~
biguously at this time. Consideringcharacteristic features of the energy losses of slow ions
in matter and their high efficiency in the damage of macromolecules [2, 3], however, we can
assume that elastic nuclear collisions are capable of causing an increase in Gp for slow pro-
tons. In [4], on the basis of concepts about the local radiation-chemical yield at each
point on the proton.path Ryabukhin obtained calculated values of G(Fe®t). 1In the range E >
0.4 MeV the agreement between the calculated and experimental data is satisfactory. For

Ep < 0.2 MeV, however, a .considerable divergence is observed (by a factor of up to 2).

In this paper we present the results of experimental investigations on the action of
thermal, intermediate, and fast neutrons from a BR-10 reactor on a ferrosulfate solition. o
The experimental values of. G, for intermediate and fast neutrons are compared with the calcu-
lated results obtained on the basis of Gp data.

A ferrosulfate solution, prepared by the standard method [5], was irradiated with neu-
trons from the I-2 (intermediate) and F-3 (fast) channels of the BR-10 reactor. The dosi-~
metric data file for these investigations consisted of absorbed-dose data obtained with the .
aid of solid-state and activation track detectors, ionization chambers, and thermoluminescence
-dosimeters [6].

: The radiation—chemical yield of Fe®t was determined from the results of measurements of
the optical density at a wavelength of 304 nm [5]. The radiation-chemical yield Gp in the
solution under neutron irradiation was calculated in two approximations. In the first ap-
proximation we assumed that the entire absorbed dose of neutrons in water is due only to re-
coil protons. In the second approximation the value of Gn(E) was obtained by taking into
account the following charged particles formed in the water under the action of the neu-
trons: :

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 4, pp. 246-247, April, 1984, Original
article submitted October 21, 1982,
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- TABLE 1. Values of Radiation~Chemical
Yield of Fe®t in Standard Ferrosulfate So-
lution, ions/100 eV

Protons Neutrons*
Radiation _alE
energy, Mev | & S AR 3] 5]
Sz |sw|se|=zdlRalss
[} v} (S SOl ® 00 S| oy
15,0 11,8 11,6 | 14,7 [ 10,4 { 9,8 {7,7
11,5 11,4 12,2 [ 11,2 1 10,2 | 9,6 |7,7
10,9 11,3 12,0 | 14,41 10,14 | 9,5 7,7
10,0 — 12,0 | 11,0 10,01 9,5 |7,6
9.0 - 11,8110,7] 9.8 (9.3 |75
8,4 11,3 1,6 (10,6 | 9,7(9,1 |7,45
7,0 - f1,2{10,2! 9,5(8,9 |7,3
5.0 - |10,4] 95| 9,084 |71 .
3,0 — 9,31 84 8,3]17,8 /6,8
1,99 8,0 85| 7,7 7,7(17.3 |6,3
1,69 7,65 82| 71,61 7,57,1 16,25
1,27 7,45 7,8 741 7,1 16,9 16,0
0,98 7,19 7,41 6,3 6,8]6,7 |5,8
0,64 6,540,4| 6,8 6,4| 6.4]6.7 |5.7
0,52 6,04-0,3{1 6,4 6,1 6,1 6,7 15,6
0,390,38) T [5,246,3)| 6.2 6.0] 60|68 {55
0,29(0,3) 7,16(6,5! 6,0 ] 5,9 5,96,8 |5,4
0,26(0,25) 6,2(7,0)| 5,9| 5,9| 5.96.85|5.4
0,2) (7,9 5,81 5,8| 5,8!6,9 [5.4
0,15(0,15) 6,4409,5)| 5.8 | 5.7 5.7(7.0 |55
0,1) (12,3) 5,7 5,71 5,7(7,0 |5,7
(0,085) (15,8); 5,7 | 5,6 5,6
(0,070) (16,1) 5,71 5,6 | 5,61
0,05 — 5.81 5,7 5,7
0,02 — 6,7 6,7 6,7
0,01 — 6,91 6,5 6,5
0,005 — 6,50 54| 5.1
0,002 - 3.8 24| 21

*At a radiation energy of 15.0 MeV the
radiation-chemical yield according to the
experimental data of [5] is 10.54-12.4
ions/100 eV,

tThe data of [1] are given in parentheses.

recoil protons and protons from the nuclear reactions '°0(n, p)'°N and *°0(n, n'p)**N;
a particles of the reactioms '°0(n, «)*°C and *®0(n, n'a)'3cC;

o heavy recoil nuclei formed as a result of elastic and inelastic scattering of neutrons
from oxygen nuclei as well as the aforementioned nuclear reactions with the emission of
charged particles;

electrons and positrons formed in the water under the action of Y-ray quanta from in-

elastic scattering of neutrons from oxygen nuclei. The calculations were carried out from
the formula : '

Gn (B)=D2)Gi (E)K; (E)/ D) Ky (E),
i i

where Eﬁ(E) is the mean radiation—chemical yield of Fe®*t for charged particles of type i,
formed in the water under the action of neutrons of energy E and Ki(E) is the kerma of neu-
trons of energy E, caused by charged particles of type i. According to {7] the average en-
ergy of protons from nuclear reactions was assumed to be equal to 3 MeV and Gp = 9.3 ions/
100 eV. The spectrum N(E,) of a particles presented in [7] was used to determine Gg. The
values of G for a particles of different energy were taken from the data of [8]. The mean
radiation-chemical yield of Fe®t for « particles turned out to be 5.15 ions/100 eV. For
heavy recoil nuclei (C, N, O) the yield G = 4 + 0.4 ion/100 eV. In the calculation of Gn
the components of the kerma of neutrons for water were determined from data presented in [7].
Table 1 presents the values of the radiation-chemical yield of Fe®t in a standard ferrosul-
fate solution under the action of monoenergetic protons and neutrons. It is seen that the
contribution of the nuclear reaction products to Gp becomes appreciable for E = 3-4 MeV.
Out calculated data differ substantially from the results of [8]. This discrepancy, reach-
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ing 20% for E = 0.5 MeV, is apparently due primarily to different assumed values of Gp(E).
Table 1 also presents calculated data obtained in [9] for an infinite medium. The calculated
values of Gp on the whole are in satisfactory agreement with the experimental data for E =

14 MeV, The discrepancy of 12~18% may be due to the contribution of y rays to the dose being
taken into account inaccurately.

Below we give the results of experimental and theoretical investigations of the radiation-
chemical yield Gn(Fes+) when a ferrosulfate solution is irradiated with neutrons in different
channels of the BR-10 reactor (in ions/100 eV):

| F-3 1-2
Experiment 6.8 * 0.4 9,7 + 1.6
Calculation _ 6.9 ' 6.4 ‘

It is noteworthy that the experimental yield Gp for intermediate neutrons is substan-
tially higher than that for fast neutrons and than the calculated data. This effect may be
due to the specific nature of the radiolysis of water by slow ions, in particular by elastic
nuclear collisions. According to the data of [10] the two spectra investigated differ omly
as to the contribution of such collisions to the absorbed dose (by a factor of 1.5).

For separate measurement of absorbed doses in the thermal channel of the reactor we
used a system consisting of three dosimeters: a standard ferrosulfate solution with the addi-
tion of boric acid, measuring the total absorbed dose (epithermal and thermal neutronms, Yy
rays); a standard solution without boric acid, practically insensitive to thermal neutrons;
and a thermoluminescence dosimeter, in practice sensitive only to ¥ rays.

The field of radiation from channel T-4 of the BR-10 reactor has the following charac—'
teristics: rate of dosage absorption in tissue, as a result epithermal and thermal neutrons
as well as y rays, is 0.2, 0.32 + 0.03, and 0.33 * 0.04 Gy/h, respectively; the density. of
the thermal neutron flux, measured with the aid of the ferrosulfate solution with boric acid,
is (2.7 # 0.3)+10° neutrons/cm®*sec and, withthe aid of **7Au, 2.9 10°® neutrons/cm®.sec.

From the results of the investigations it follows that a standard ferrosulfate solution
is applicable to fast-neutron dosimetry; the values of G, necessary in this case can be obs
tained by the usual method of calculation; the use of the standard solution for the dosimetry -
of intermediate neutrons requires special investigations of Gp(E) at a proton energy below
0.2 MeV.
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ALGEBRA AND LOGIC
Algebra i Logika

ASTROPHYSICS
Astrofizika

AUTOMATION AND REMOTE CONTROL
Avtomatika i Telemekhanika _
Vol. 45, 1984 (241SSUES) .. . oo vieverevner e $625

COMBUSTION, EXPLOSION, AND SHOCK WAVES
Fizika Goreniya i Vzryva
Vol. 20, 1984 (6issues) ........ et $445

COSMIC RESEARCH
Kosmicheskie Issledovaniya :
Vol. 22, 1984 (6iS5U€S). .. . ..o vvvvrrnnnananrnes $545

CYBERNETICS
Kibernetika

Vol. 20, 1984 (6 lSSUCS). R . $445

. \
DIFFERENTIAL EQUATIONS
Differentsial'nye Uravneniya ‘

Vol. 20, 1984 (12issues) .........: .. $505

DOKLADY BIOPHYSICS {
Doklady Akademii Nauk SSSR |

Vols. 274-279, 1984 (2 issues) ......! . $145

FLUID DYNAMICS \
Izvestiya Akademii Nauk SSSR,
Mekhanika Zhidkosti i Gaza \

{
FUNCTIONAL ANALYSIS AND |
ITS APPLICATIONS

\
Funktsional’nyi Analiz i Ego PnIozhemya
Vol. 18, 1984 (4issues) ..............

GLASS AND CERAMICS
Steklo i Keramika .
Vol. 41,1984 (61SSUES) . .c.vvvvvneninanntnneens $590

HIGH TEMPERATURE
Teplofizika Vysokikh Temperatur
Vol 22, 1984 (6iSSUES) ..o ovvenneanncee i $520

RUSSIAN JOURNALS IN THE PHYSICAL
AND MATHEMATICAL SCIENCES

AVAILABLE IN ENGLISH TRANSLATION

Vol. 23, 1984 (6issues) . .. .. .. e $360 -

" VOL. 20, 1984 (41SSUES) ... v oveveeneneineneanaenns $420

~Vols. 46-47, 1984 (12issU€S) « .o vvvnnvecenoneniinns $540

LITHUANIAN MATHEMATICAL JOURNAL

7

HYDROTECHNICAL. CONSTRUCT TION
Gidrotekhnicheskoe Stroitel’stvo .
Vol. 18, 1984 (120SSUES) . ...t vvverenenerrenneons $385

INDUSTRIAL LABORATORY
Zavodskaya Laboratoriya
Vol. 50, 1984 (124SSU€S) .. .ovvvvreennennnannnnns $520

INSTRUMENTS AND
EXPERIMENTAL TECHNIQUES

Pribory i Tekhnika fkspenmenta
Vol. 27, 1984 (12iSSUES) .. vvvivv i ernnvennnnnn $590

JOURNAL OF APPLIED MECHANICS

AND TECHNICAL PHYSICS

Zhurnal Prikladnoi Mekhaniki i Tekhmcheskoz Fiziki .
Vol 25, 1984 (6iSSUES) ..o vveevnn i inenanenns $540

JOURNAL OF APPLIED SPECTROSCOPY
Zhurnal Prikladnoi Spektroskopii
Vols. 40-41, 1984 (12issues) . .......cceoveennn ...5540

JOURNAL OF ENGINEERING PHYSICS

Inzhenerno-fizicheskii Zhurnal

JOURNAL OF SOVIET LASER RESEARCH
A translation of articles based on the best Soviet research in the
field of lasers ‘ .

Vol. 5, 1984 (60SSUES) ... cvouvnrrnvinnnnraannnos $180

JOURNAL OF SOVIET MATHEMATICS

A translation of Itogi Nauki i Tekhniki and Zapiski
Nauchnykh Seminarov Lemngradskogo Otdeleniya
Matematicheskogo Instituta im. V. A. Steklova AN SSSR
Vols, 24-27, 1984 (24 issues).........cevvnvnnnns $1035

LITHOLOGY AND MINERAL RESOURCES
Litologiya i Poleznye Iskopaemye
Vol. 19, 1984 (6iSSUES) . .....vvvvvenrcrierannnnns $§40

Litovskii Matematicheskii Sbomik
Vol. 24, 1984 (4iSSU€S) . . ..ovnvenvernerrneonnnns $255

MAGNETOHYDRODYNAMICS
Magnitnaya Gidrodinamika
Vol. 20, 1984 (4 ISSUES) + v vvvevvvnnrnennnnnennanns $415

MATHEMATICAL NOTES
Matematicheskie Zametki
Vols. 35-36, 1984 (12issues)......ccovvevreeennns $520

continued on inside back cover
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